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1� Abstract   

20 FiVhiQg   geaU   iV   cRQVWaQWl\   beiQg   imSURYed   WR   VelecW   ceUWaiQ   Vi]eV   aQd   VSecieV   Zhile   

21 e[clXdiQg   RWheUV.   E[SeUimeQWV   aUe   cRQdXcWed   WR   TXaQWif\   Whe   VelecWiYiW\   aQd   Whe   UeVXlWiQg   daWa   

22 QeedV   WR   be   aQal\]ed   XViQg   VSeciali]ed   VWaWiVWical   meWhRdV   iQ   maQ\   caVeV.   HeUe,   Ze   SUeVeQW   a   

23 QeZ   eVWimaWiRQ   WRRl   fRU   aQal\]iQg   WhiV   W\Se   Rf   daWa:   aQ   R   Sackage   Qamed    VelfiVheU .   IW   caQ   be   

24 XVed   fRU   bRWh   acWiYe   aQd   SaVViYe   geaUV,   aQd   caQ   haQdle   diffeUeQW   WUial   deVigQV.   IW   allRZV   fiWWiQg   

25 mRdelV   cRQWaiQiQg   mXlWiSle   fi[ed   effecWV   (e.g.   leQgWh,   WRWal   caWch   ZeighW,   meVh   Vi]e,   ZaWeU   

26 WXUbidiW\)   aQd   UaQdRm   effecWV   (e.g.   haXl).   A   bRRWVWUaSSiQg   SURcedXUe   iV   SURYided   WR   accRXQW   fRU   

27 beWZeeQ   aQd   ZiWhiQ   haXl   YaUiabiliW\   aQd   RYeUdiVSeUViRQ.   We   demRQVWUaWe   iWV   XVe   Yia   fRXU   caVe   

2� VWXdieV   iQclXdiQg   (1)   cRYeUed   cRdeQd   aQal\VeV   Rf   fRXU   geaUV,   (2)   a   SaiUed   geaU   VWXd\   ZiWh   

2� QXmeURXV   SRWeQWial   cRYaUiaWeV,   (3)   a   caWch   cRmSaUiVRQ   VWXd\   Rf   XQSaiUed   haXlV   Rf   gillQeWV   aQd   

30 (4)   a     caWch   cRmSaUiVRQ   VWXd\   Rf   SaiUed   haXlV   XViQg   SRl\QRmialV   aQd   VSliQeV.   ThiV   fUee   aQd   RSeQ   

31 VRXUce   VRfWZaUe   Zill   make   iW   eaVieU   WR   mRdel   fiVhiQg   geaU   VelecWiYiW\,   Weach   Whe   VWaWiVWical   

32 meWhRdV,   aQd   make   aQal\VeV   mRUe   UeSeaWable.   

33    
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57 Introduction   

5� FiVheUieV   aim   WR   VelecW   fRU   ceUWaiQ   VSecieV   aQd   Vi]eV   Rf   iQdiYidXalV   Zhile   allRZiQg   RWheUV   

5� WR   aYRid   caSWXUe.   E[SeUimeQWV   aUe   cRQdXcWed   WR   meaVXUe   Whe   VelecWiYiW\   Rf   fiVhiQg   geaU   aQd   

60 VWaWiVWical   mRdelV   aUe   XVed   WR   chaUacWeUi]e   Whe   VelecWiYiW\   SaWWeUQV.   The   VelecWiYiW\   Rf   fiVhiQg   geaU   

61 iV   cRmmRQl\   deVcUibed   b\   a   UeWeQWiRQ   cXUYe,   i.e.   Whe   SURbabiliW\   Rf   beiQg   UeWaiQed   iQ   Whe   QeW,   

62 Zhich   iV   XVXall\   a   fXQcWiRQ   Rf   iQdiYidXal   leQgWh   RU   Vi]e   aQd   ma\   YaU\   beWZeeQ   haXlV   (WilemaQ   eW   

63 al.,   1996).   BeWZeeQ-haXl   YaUiaWiRQ   ma\   be   UaQdRm,   RU   iW   ma\   deSeQd   RQ   RbVeUYed   cRYaUiaWeV   

64 VXch   aV   WRWal   caWch   ZeighW   (FU\eU,   1991;   SXXURQeQ   &   MillaU,   1992;   EUickVRQ   eW   al.,   1996;   O¶Neill   &   

65 K\QRch,   1996),   eQYiURQmeQWal   YaUiableV   (He,   1993;   WalVh   &   Hicke\,   1993;   R\eU   &   BaUQeWW,   

66 2006,   SRmeUWRQ   eW   al.,   2013),   RU   Whe   cRQdiWiRQ   Rf   iQdiYidXalV   (g]bilgiQ   eW   al.,   2007;   FeUUR   eW   al.,   

67 2008).   

6� IQ   VRme   caVeV,   caWch   daWa   cRllecWed   iQ   VelecWiYiW\   VWXdieV   cRXld   be   aQal\]ed   ZiWh   lRgiVWic   

6� UegUeVViRQ   meWhRdV,   i.e.   biQRmial   geQeUali]ed   liQeaU   mRdelV,   fRU   Zhich   WheUe   aUe   SleQW\   Rf   

70 VRfWZaUe   RSWiRQV   aYailable.   BiQRmial   mRdelV   aUe   aSSURSUiaWe   becaXVe,   iQ   maQ\   geaU   VelecWiYiW\   

71 e[SeUimeQWV,   iQdiYidXalV   eQd   XS   iQ   RQe   Rf   WZR   cRmSaUWmeQWV   (e.g.   cRdeQd   YV   cRYeU;   geaU   1   YV   

72 geaU   2;   RU   WeVW   geaU   YV   cRQWURl   geaU;   WilemaQ   eW   al.,   1996),   i.e.   WheUe   aUe   WZR   SRVVible   RXWcRmeV   

73 aV   iQ   cRiQ   fliSV.   HRZeYeU,   a   VXbVWaQWial   amRXQW   Rf   Whe   aQal\VeV   iQ   WhiV   field   aUe   VSeciali]ed   aQd   

74 UeTXiUe   VSeciali]ed   VRfWZaUe.   FRU   e[amSle,   RbWaiQiQg   cRQfideQce   iQWeUYalV   RQ   SUedicWiRQV   

75 W\Sicall\   UeTXiUeV   accRXQWiQg   fRU   e[WUa-biQRmial   YaUiabiliW\   (RYeUdiVSeUViRQ)   beWZeeQ   aQd   ZiWhiQ   

76 haXlV   (MillaU,   1993;   MillaU   eW   al.,   2004).   PaiUed   geaU   VWXdieV   (ZheUe   Whe   WeVW   geaU   iV   WeVWed   agaiQVW   

77 a   cRQWURl   RQe   ZiWh   UeWeQWiRQ   SURbabiliW\   eTXal   WR   RQe   fRU   Whe   giYeQ   VSecieV   aQd   leQgWhV   Rf   iQWeUeVW)   

7� iV   aQRWheU   e[amSle   WhaW   dReV   QRW   cRQfRUm   WR   a   W\Sical   lRgiVWic   UegUeVViRQ   mRdel   becaXVe   Whe   

7� SURbabiliW\   mRdel   iV   mRUe   cRmSle[   aV   Ze   Zill   VhRZ   belRZ.   ThiV   SaSeU   SUeVeQWV   QeZl\   deYelRSed   

�0 RSeQ   VRXUce   VRfWZaUe   WhaW   iV   VSecificall\   deVigQed   fRU   mRdelliQg   fiVhiQg   geaU   VelecWiYiW\,   

�1 VRmeWhiQg   WhaW   ZaV   SUeYiRXVl\   limiWed.   The   Sackage,    VelfiVheU ,   iV   imSlemeQWed   iQ   Whe   R   
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�2 VWaWiVWical   cRmSXWiQg   eQYiURQmeQW   Zhich   iV   cRmmRQl\   XVed   fRU   maQ\   mRdeUQ   fiVheUieV   aQal\VeV   

�3 (R   cRUe   Weam   2020).   The   Sackage   iV   ZUiWWeQ   ZiWh   aQ   iQWeUface   WhaW   Zill   be   familiaU   WR   maQ\   XVeUV   

�4 Rf   UegUeVViRQ   meWhRdV   iQ   R.   B\   makiQg   Whe   VRfWZaUe   fUee   aQd   RSeQl\   aYailable,   Ze   aim   WR   

�5 imSURYe   UeSeaWabiliW\   Rf   aQal\VeV   aQd   eQable   WeachiQg   WheVe   aQal\Wical   meWhRdV   iQ   claVVURRmV   

�6 fRU   Whe   Qe[W   geQeUaWiRQ   Rf   fiVheUieV   VcieQWiVWV.     

�7 IQ   WhiV   SaSeU,   fiUVW,   Ze   bUiefl\   deVcUibe   Whe   imSlemeQWaWiRQ   Rf   Whe    VelfiVheU    R   Sackage.   

�� We   deVcUibe   hRZ   WR   iQVWall   Whe   laWeVW   YeUViRQ   Rf   Whe   Sackage   aQd   ZheUe   WR   UeSRUW   bXgV   aQd   

�� ZheUe   WR   Ueach   RXW   WR   RWheU   XVeUV   ZiWh   TXeVWiRQV.   TheQ,   Ze   SURYide   a   geQeUal   deVcUiSWiRQ   Rf   hRZ   

�0 mRdelV   aUe   eVWimaWed   b\   Whe   Sackage,   iQclXdiQg   dealiQg   ZiWh   VXbVamSled   caWcheV,   a   cRmmRQ   

�1 RccXUUeQce   iQ   geaU   VelecWiYiW\   VWXdieV   (e.g.   LaUVeQ   eW   al.,   2018;   Melli   eW   al.,   2019;   Veiga-MalWa   eW   

�2 al.,   2020).   We   alVR   addUeVV   Whe   cRmmRQ   iVVXe   Rf   RYeUdiVSeUViRQ   UelaWed   WR   beWZeeQ-haXl   

�3 YaUiabiliW\   (MillaU   eW   al.,   2004).   We   deVcUibe   WhUee   geQeUal   caWegRUieV   Rf   VWaWiVWical   mRdelV,   

�4 diYided   baVed   RQ   Whe   maWhemaWical   SURbabiliWieV   XQdeUl\iQg   Whe   eVWimaWiRQ,   Zhile   RmiWWiQg   deWailV   

�5 abRXW   e[SeUimeQWal   deVigQV   aQd   cRde   WR   UXQ   Whe   mRdelV.   TheQ,   Ze   deVcUibe   Whe   bRRWVWUaSSiQg   

�6 SURcedXUe   XVed   WR   accRXQW   fRU   YaUiaWiRQ   ZiWhiQ   aQd   beWZeeQ   haXlV   iQ   VelecWiYiW\   (MillaU,   1993),   

�7 SRWeQWiall\   UeVamSliQg   fURm   diVWiQcW   SRRlV   Rf   haXlV   baVed   RQ   geaU   W\Se   RU   WacWic   aV   iQ   XQSaiUed   

�� haXlV   (HeUUmaQQ   eW   al.,   2017;   SaYiQa   eW   al.,   2017).   TheQ,   Ze   bUiefl\   deVcUibe   fRXU   caVe   VWXdieV   

�� XVed   WR   illXVWUaWe   Whe   Sackage¶V   caSabiliWieV,   Zhile   SURYidiQg   mRUe   WhRURXgh   deVcUiSWiRQV   ZiWh   R   

100 cRde   iQ   RQliQe   aSSeQdiceV.   The   caVe   VWXdieV   aUe   (1)   a   cRYeUed   cRdeQd   VWXd\   Rf   haddRck   

101 ( MHODQRJUDPPXV   DHJOHILQXV )   ZiWh   fRXU   diffeUeQW   cRdeQdV   (O'Neill   eW   al.,   2016),   (2)   a   SaiUed   geaU   

102 VWXd\   iQ   a   bURZQ   VhUimS   ( CUDQJRQ   FUDQJRQ )   WUaZl   fiVheU\   ZheUe   RQe   WUaZl   iV   QRQVelecWiYe   

103 (SaQWRV   eW   al.,   2018),   (3)   a   caWch   cRmSaUiVRQ   VWXd\   Rf   XQSaiUed   haXlV   Rf   gillQeWV   aYRidiQg   aQ   

104 XQZaQWed   cUab   ( CDQFHU   SDJXUXV )   (SaYiQa   eW   al.,   2017),   aQd   (4)   a   caWch   cRmSaUiVRQ   VWXd\   Rf   

105 SaiUed   haXlV   iQ   a   NRUZa\   lRbVWeU     ( NHSKURSV   QRUYHJLFXV )   WUaZl   fiVheU\   (Melli   eW   al.,   2018).   FiQall\,   

106 Ze   diVcXVV   cXUUeQW   limiWaWiRQV   Rf   Whe    VelfiVheU    Sackage   aQd   SRWeQWial   fXWXUe   adYaQcemeQWV.     
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107 Implementation   of    selfisher   

10� The    VelfiVheU    Sackage   ZaV   deVigQed   WR   be   fle[ible   aQd   URbXVW   fRU   fiWWiQg   aQd   

10� aVVeVViQg   a   YaUieW\   Rf   geaU   VelecWiYiW\   mRdelV   WhaW   caQ   be   UeSUeVeQWed   ZiWh   a   biQRmial   

110 diVWUibXWiRQ.   The   cRde   fRU   VelfiVheU   ZaV   deYelRSed   b\   mRdif\iQg   Whe   R   Sackage    glPPTMB   

111 (BURRkV   eW   al.,   2017)   becaXVe    glPPTMB    alUead\   had   Whe   caSabiliWieV   Qeeded   fRU   fiWWiQg   aQd   

112 aQal\]iQg   biQRmial   mi[ed   effecW   mRdelV.   PUeYiRXVl\,    glPPTMB    ZaV   deYelRSed   b\   adaSWiQg   Whe   

113 SRSXlaU   XVeU   iQWeUface   fURm    lPe4    (BaWeV   eW   al.,   2015)   aQd   iQcUeaViQg   Whe   mRdel   fle[ibiliW\   aQd   

114 fiWWiQg   URbXVWQeVV   b\   dRiQg   eVWimaWiRQ   ZiWh    TMB    (i.e.   TemSlaWe   MRdel   BXildeU).   PUiRU   WR   Whe   

115 deYelRSmeQW   Rf    glPPTMB ,    TMB    ZaV   deYelRSed   baVed   RQ   Whe   algRUiWhm   Rf   AD   MRdel   BXildeU   

116 ( ADMB ),   Zhich   SeUfRUmV   ma[imXm   likelihRRd   eVWimaWiRQ   (MLE)   iQ   a   faVW   aQd   URbXVW   Za\   (FRXUQieU   

117 eW   al.,   2012;   MilleU,   2013;   KUiVWeQVeQ   eW   al.,   2016).   The   algRUiWhm   iV   faVW   aQd   URbXVW   becaXVe   iW   

11� haV   iQfRUmaWiRQ   RQ   Whe   gUadieQWV   Rf   Whe   likelihRRd   VXUface   Yia   aXWRmaWic   diffeUeQWiaWiRQ.   

11� AddiWiRQall\,    TMB    imSURYeV   URbXVWQeVV   b\   SURYidiQg   biQRmial   aQd   beWa-biQRmial   likelihRRd   

120 fXQcWiRQV   WhaW   aUe   QXmeUicall\   VWable   eYeQ   ZheQ   SURbabiliWieV   aUe   QeaU   ]eUR   RU   RQe.   ThXV,   

121 WhURXgh   iQheUiWaQce,    VelfiVheU    haV   a   fle[ible   XVeU   iQWeUface   ZiWh    lPe4 -VW\le   V\QWa[   aQd   URbXVW   

122 TMB    cRde   XQdeUl\iQg   Whe   mRdel   eVWimaWiRQ   Zhich   iV   dRQe   XViQg   Whe   Vame   MLE   algRUiWhm   aV   

123 ADMB .   

124 Installing    selfisher    and   Zhere   to   ask   questions   

125 The   Sackage   iV   cRQWiQXRXVl\   beiQg   imSURYed   aQd   Whe   mRVW   UeceQW   YeUViRQ   caQ   be   fRXQd   

126 RQliQe   iQ   a   GiWHXb   UeSRViWRU\.   The   cXUUeQW   YeUViRQ   Rf   Whe   Sackage   iV   1.0.0.   NeZV   abRXW   chaQgeV   

127 iQ   each   YeUViRQ   caQ   be   fRXQd   b\   W\SiQg   QeZV(Sackage="VelfiVheU")iQ   aQ   R   cRQVRle   afWeU   iQVWalliQg   

12� Whe   Sackage.   The   Sackage   iV   maWXUe   eQRXgh   WhaW   Ze   dR   QRW   e[SecW   WR   haYe   chaQgeV   WhaW   Zill   
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12� affecW   e[iVWiQg   mRdelV;   mRVW   chaQgeV   Zill   be   addiWiRQV   Rf   QeZ   feaWXUeV   (Vee   DiVcXVViRQ   belRZ).   

130 The   addUeVV   Rf   Whe   GiWHXb   UeSRViWRU\   iV    hWWSV://giWhXb.cRm/mebURRkV/VelfiVheU .   TheUe,   \RX   caQ   

131 fiQd   iQVWallaWiRQ   iQVWUXcWiRQV   aQd   a   fRUXm   fRU   UeSRUWiQg   bXgV   (i.e.   iVVXe   WUackeU).   UVeUV   aUe   

132 diVcRXUaged   fURm   SRVWiQg   TXeVWiRQV   RQ   Whe   iVVXe   WUackeU,   Zhich   iV   UeVeUYed   fRU   bXgV.   FRU   

133 TXeVWiRQV   abRXW   VelfiVheU,   aQ   email   gURXS   iV   SURYided   ZheUe   XVeUV   aUe   eQcRXUaged   WR   RSeQl\   aVk   

134 aQd   aQVZeU   each   RWheU'V   TXeVWiRQV   (hWWSV://gURXSV.gRRgle.cRm/d/fRUXm/VelfiVheU-XVeUV).   

135 Background   of   selectivit\     

136 All   mRdelV   iQ    VelfiVheU    iQYRlYe   cRmSaUiQg   Whe   caWcheV   fURm   WZR   cRmSaUWmeQWV   (e.g.   

137 WeVW   YV   cRQWURl   geaU,   geaU   1   YV   geaU   2,   RU   cRdeQd   YV   cRYeU),   Zhich   giYeV   UiVe   WR   daWa   WhaW   caQ   be   

13� aQal\Ved   aV   a   biQRmial   UeVSRQVe,   VXbjecW   WR   Whe   XVe   Rf   aSSURSUiaWe   meWhRdV   WR   allRZ   fRU   

13� RYeUdiVSeUViRQ   aV   deVcUibed   belRZ.   DXe   WR   WechQicaliWieV   Rf   Whe   XQdeUl\iQg   cRde,   iQ    VelfiVheU   

140 V\QWa[,   Whe   biQRmial   UeVSRQVe   mXVW   be   VSecified   aV   a   SURSRUWiRQ   (i.e.   SURSRUWiRQ   Rf   iQdiYidXalV   Rf   

141 a   giYeQ   leQgWh   iQ   RQe   cRmSaUWmeQW   Rf   RQe   haXl   ZiWh   UeVSecW   WR   Whe   WRWal)   aQd   a   WRWal   (i.e.   WRWal   

142 QXmbeU   Rf   iQdiYidXalV   Rf   a   giYeQ   leQgWh   iQ   eiWheU   cRmSaUWmeQW   iQ   RQe   haXl),   aV   Ze   Zill   

143 demRQVWUaWe   iQ   caVe   VWXdieV.   

144 TheUe   aUe   WhUee   maiQ   caWegRUieV   Rf   e[SeUimeQWal   deVigQV   iQ   Zhich   each   iQdiYidXal   haV   

145 WZR   SRVVible   RXWcRmeV,   i.e.   VWXdieV   WhaW   SURdXce   biQRmial   daWa.   The   caWegRUieV   aUe   (1)   a   

146 VelecWiYe   QeW   iQVide   aQ   RXWeU   QRQVelecWiYe   Vmall-meVh   cRYeU   QeW   (cRYeUed   cRdeQd),   (2)   a   

147 VelecWiYe   QeW   cRmSaUed   WR   a   QRQVelecWiYe   QeW   (SaiUed   geaU),   aQd   (3)   a   cRmSaUiVRQ   beWZeeQ   WZR   

14� VelecWiYe   geaUV   (caWch   cRmSaUiVRQ).   TheVe   caQ   all   be   mRdeled   XViQg    VelfiVheU    aV   Ze   

14� deVcUibe   iQ   VecWiRQV   belRZ,   bXW   fiUVW   Ze   deVcUibe   VRme   geQeUaliWieV.   
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150 ReWenWion   modelV   

151 All   WhUee   caWegRUieV   Rf   aQal\VeV   iQYRlYe   eVWimaWiQg   a   UeWeQWiRQ   mRdel;   cRYeUed   cRdeQd   

152 aQd   SaiUed   geaUV   e[SeUimeQWV   allRZ   RQe   WR   eVWimaWe   Whe   abVRlXWe   UeWeQWiRQ,   i.e.   UeWeQWiRQ   RXW   Rf   

153 Whe   SRSXlaWiRQ   eQcRXQWeUed   b\   Whe   geaU,   Zhile   iQ   a   caWch   cRmSaUiVRQ   e[SeUimeQW   Whe   eVWimaWed   

154 UeWeQWiRQ   iV   UelaWiYe   WR   WhaW   Rf   a   baVeliQe   geaU.   RegaUdleVV,   Whe   maWhemaWical   fRUmXlaWiRQ   iV   

155 geQeUal.   We   XVe    U(O)    WR   UefeU   WR   Whe   UeWeQWiRQ   mRdel   WhURXghRXW   WhiV   We[W,   bXW   aV   Ze   deVcUibe   iQ   

156 caVe   VWXdieV   belRZ,   iW   ma\   deSeQd   RQ   cRYaUiaWeV   RWheU   WhaQ   leQgWh,    O .   See   Table   1   fRU   a   

157 deVcUiSWiRQ   Rf   all   QRWaWiRQV.   AV   iQ   biQRmial   geQeUali]ed   liQeaU   mRdelV   (GLMV),   UeWeQWiRQ   mRdelV   

15� XVe   a   liQk   fXQcWiRQ   WR   keeS   Whe   UeWeQWiRQ   SURbabiliW\   iQ   Whe   UaQge   fURm   ]eUR   WR   RQe.   The   mRVW   

15� cRmmRQ   liQk   iV   Whe   " lRgiW "   (i.e.   lRgiVWic),   bXW   RWheU   RSWiRQV   iQclXde,   " SURbiW "   (i.e.   QRUmal   

160 SURbabiliW\   RgiY),   " clRglRg "   (i.e.   QegaWiYe   e[WUeme   YalXe),   " lRglRg "   (i.e.   e[WUeme   

161 YalXe/GRmSeUW]),   RU   " RichaUdV ".   The   VRfWZaUe   defaXlW   iV   Whe   lRgiW   liQk.   TR   fiW   UeWeQWiRQ   mRdel   

162 VhaSeV   WhaW   aUe   mRUe   diYeUVe   WhaQ   Whe   bXilW-iQ   liQk   fXQcWiRQV,   iW   iV   SRVVible   WR   XVe   a   lRgiW   liQk   ZiWh   

163 mRUe   cRmSle[   mRdelV   VXch   aV   SRl\QRmialV   (HRlVW   &   ReYill,   2009)   RU   VmRRWh   fXQcWiRQV   (SkalVki   &   

164 PeUe]-CRmaV,1993;   MXQUR   &   SRmeUWRQ,   2001;   FU\eU   eW   al.,   2003;   SRmeUWRQ   eW   al.,   2013)   aV   

165 demRQVWUaWed   iQ   caVe   VWXdieV   3   aQd   4   belRZ.   

166 SelecWiYiW\   VWaWiVWicV   l �0    and   SR   

167 TZR   eVWimaWed   VXmmaU\   VWaWiVWicV   Rf   iQWeUeVW   aUe   Whe   leQgWh   ZiWh   50%   SURbabiliW\   Rf   

16� UeWeQWiRQ   (l 50 )   aQd   Whe   VelecWiRQ   UaQge   (SR,   i.e.   Whe   ZidWh   Rf   Whe   UaQge   Rf   leQgWh   claVVeV   ZiWh   25%   

16� WR   75%   UeWeQWiRQ   SURbabiliWieV).   NRWe   WhaW   Whe\   RQl\   aSSl\   WR   mRdelV   ZheUe   UeWeQWiRQ   SURbabiliW\   

170 mRQRWRQicall\   iQcUeaVeV   ZiWh   leQgWh,   VXch   aV   iQ   cRYeUed   cRdeQd   aQd   SaiUed   geaU   VWXdieV.   IQ   

171 VimSle   mRdelV   ZiWh   RQl\   leQgWh   RU   Vi]e   aV   a   SUedicWRU   Rf   UeWeQWiRQ,   WheQ   l 50    aQd   SR   caQ   be   

172 e[WUacWed   fURm   a   mRdel   XViQg   Whe   fXQcWiRQ    L50SR() .   IQ   mRUe   cRmSle[   mRdelV,   VXch   aV   Whe   
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173 cRYeUed   cRdeQd   aQd   SaiUed   geaU   caVe   VWXdieV   belRZ,   Zhich   iQYRlYe   addiWiRQal   cRYaUiaWeV   

174 beVideV   leQgWh,   WheUe   aUe   mXlWiSle   Za\V   WR   e[WUacW   l 50    aQd   SR   eVWimaWeV.   The   cRYeUed   cRdeQd   

175 caVe   VWXd\   demRQVWUaWeV   hRZ   WR   e[WUacW   Whem   algRUiWhmicall\   b\   fiQdiQg   Whe   leQgWhV   WhaW   

176 cRUUeVSRQd   WR   UeWeQWiRQ   SURbabiliWieV   0.25,   0.5,   aQd   0.75   fRU   each   giYeQ   YalXe   Rf   cRYaUiaWeV   iQ   Whe   

177 mRdel.   The   SaiUed   geaU   e[amSle   VRlYeV   fRU   l 50    aQd   SR   maWhemaWicall\   XViQg   a   mRdel¶V   eVWimaWed   

17� cRefficieQWV.   FRU   eiWheU   meWhRd,   cRQfideQce   iQWeUYalV   caQ   be   RbWaiQed   b\   bRRWVWUaSSiQg.   IQ   Whe   

17� fXWXUe,   a   fXQcWiRQ   Zill   be   added   WR    VelfiVheU    Zhich   Zill   be   VimilaU   WR   Whe   meWhRd   demRQVWUaWed   

1�0 iQ   Whe   cRYeUed   cRdeQd   VWXd\.     

1�1 SXbVampled   caWcheV   

1�2 OfWeQ,   iQ   caVeV   Rf   abXQdaQW   caWcheV,   iW   ma\   QRW   be   feaVible   WR   meaVXUe   Whe   leQgWh   Rf   

1�3 eYeU\   iQdiYidXal   WhaW   iV   caXghW   aQd   iQ   WhRVe   caVeV,   RQl\   a   fUacWiRQ   Rf   Whe   caWch   ma\   be   meaVXUed.   

1�4 ThiV   leadV   WR   addiWiRQal   VWaWiVWical   cRmSle[iW\   iQ   Whe   aQal\VeV,   bXW   Ze   haYe   made    VelfiVheU   

1�5 caSable   Rf   haQdliQg   VXbVamSliQg   iQ   aQ\   mRdel.   HeUe   Ze   deQRWe   Whe   aSSUR[imaWe   fUacWiRQ   Rf   

1�6 iQdiYidXalV   iQ   cRmSaUWmeQW    L ,   Rf   haXl    K ,   aQd   leQgWh   claVV    O    WhaW   ZeUe   VamSled   aV   .   AlWhRXgh   

1�7 VXbVamSliQg   dReVQ'W   alZa\V   deSeQd   RQ    O ,   Ze   haYe   ZUiWWeQ   Whe   Sackage   WR   be   fle[ible   eQRXgh   WR   

1�� haQdle   caVeV   ZheUe   each   RbVeUYed   cRXQW   (e.g.   )   haV   a   diffeUeQW   VXbVamSliQg   fUacWiRQ.   IW   iV   

1�� VXfficieQW   WR   iQclXde   Whe   UaWiR   Rf   VXbVamSliQg   fUacWiRQV   (i.e.   Whe   VXbVamSliQg   UaWiR)   iQ   a   mRdel,   

1�0 UaWheU   WhaQ   each   cRmSaUWmeQW¶V   fUacWiRQ   iQdiYidXall\,   ,   aVVXmiQg   heUe   WhaW    L    iV   

1�1 Whe   cRmSaUWmeQW   beiQg   cRQVideUed   aV   ³VXcceVV´   iQ   Whe   biQRmial   cRQWe[W   aQd    M    iV   Whe   alWeUQaWiYe   

1�2 cRmSaUWmeQW.   If   UaiViQg   facWRUV   ZeUe   UecRUded   iQ   Whe   daWa   iQVWead   Rf   VXbVamSliQg   fUacWiRQV,   WheQ   

1�3 caUe   VhRXld   be   WakeQ   ZheQ   calcXlaWiQg   Whe   VXbVamSliQg   UaWiR   WR   accRXQW   fRU   Whe   facW   WhaW   a   

1�4 UaiViQg   facWRU   iV   Whe   iQYeUVe   ( )   Rf   a   VXbVamSliQg   fUacWiRQ.   SXbVamSliQg   fUacWiRQV   aUe   

1�5 beWZeeQ   ]eUR   aQd   RQe,   Zhile   UaiViQg   facWRUV   aUe   gUeaWeU   WhaQ   RU   eTXal   WR   RQe.   
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1�6 The   mRVW   geQeUal   Za\   WR   accRXQW   fRU   VXbVamSliQg   iQ   a   VelfiVheU   mRdel   iV   WR   VSecif\   Whe   

1�7 VXbVamSliQg   UaWiR     XViQg   Whe   aUgXmeQW     TUaWiR    iQ   a   call   WR   Whe    VelfiVheU    fXQcWiRQ.   IQ   

1�� cRYeUed   cRdeQd   mRdelV   ZiWh   lRgiW   liQkV   (MillaU,   1994)   RU   caWch   cRmSaUiVRQ   mRdelV   ZiWh   lRgiW   liQkV   

1�� (HRlVW   &   ReYill,   2009)   aQ    RffVeW    cRXld   be   XVed   iQVWead,   bXW   XViQg    TUaWiR    Zill   be   mRUe   bURadl\   

200 aSSlicable   becaXVe   iW   caQ   be   XVed   ZiWh   aQ\   W\Se   Rf   liQk   aQd   iQ   SaiUed   geaU   mRdelV   iQ   addiWiRQ   WR   

201 Whe   RWheU   W\SeV.     

202 Three   categories   of   e[perimental   designs   

203 CoYered   codend   

204 OQe   Za\   Rf   chaUacWeUi]iQg   Whe   VelecWiYiW\   Rf   WRZed   geaU   iV   WR   caSWXUe   Whe   iQdiYidXalV   WhaW   

205 eVcaSe   Whe   QeW   XViQg   a   Vmall-meVh   cRYeU,   cRmmRQl\   kQRZQ   aV   Whe   cRYeUed   cRdeQd   meWhRd.   

206 TheQ,   Whe   VWaWiVWical   mRdel   haV   VWURQg   iQfRUmaWiRQ   RQ   UeWeQWiRQ   becaXVe   Whe   WRWal   QXmbeU   Rf   

207 iQdiYidXalV   eQcRXQWeUed   iQ   each   leQgWh   claVV   iV   diUecWl\   RbVeUYed.   IQ   WhiV   caWegRU\,   Ze   cRmSaUe   

20� Whe   QXmbeU   Rf   iQdiYidXalV   VamSled   iQ   Whe   cRYeU   iQ   haXl    K    ZiWh   leQgWh    O    (   )   aQd   cRdeQd   ( 

20�
)   b\   mRdeliQg   Whe   SURSRUWiRQ     aV   Whe   SURbabiliW\   Rf   beiQg   UeWaiQed   aQd   

210 VamSled   iQ   Whe   cRdeQd   diYided   b\   Whe   SURbabiliW\   Rf   beiQg   UeWaiQed   aQd   VamSled   iQ   Whe   cRdeQd   RU   

211 eVcaSiQg   WR   Whe   cRYeU   aQd   beiQg   VamSled   (MillaU,   1994):   

212
  RU   mRUe   VimSl\   iQ   WeUmV   Rf   Whe   VXbVamSliQg   UaWiR:   

213
.   

214 See   Table   1   fRU   defiQiWiRQV   Rf   all   V\mbRlV.   

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.421362doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.421362
http://creativecommons.org/licenses/by-nc-nd/4.0/


215 Paired   gear   (Zhere   one   gear   iV   nonVelecWiYe)   

216 AQRWheU   Za\   WR   chaUacWeUi]e   Whe   VelecWiYiW\   Rf   a   fiVhiQg   geaU   iV   WR   acTXiUe   kQRZledge   RQ   

217 Whe   SRSXlaWiRQ   aYailable   WR   be   caXghW   iQ   each   haXl.   PaiUed   geaU   VWXdieV   accRmSliVh   WhiV   b\   

21� deSlR\iQg   a   cRQWURl   geaU   RU   cRdeQd   (beVideV   Whe   RQe   ZhRVe   VelecWiYiW\   iV   beiQg   meaVXUed)   WhaW   

21� haV   fXll   UeWeQWiRQ   fRU   Whe   VSecieV   aQd   leQgWhV   Rf   iQWeUeVW,   i.e.   all   iQdiYidXalV   Rf   Whe   giYeQ   VSecieV  

220 eQWeUiQg   WhaW   geaU   aUe   UeWaiQed.   We   aVVXme   WhaW   WheUe   iV   a   SURbabiliW\,   ,   Rf   eQWeUiQg   Whe   WeVW   

221 geaU   iQ   haXl    K ,   giYeQ   WhaW   Whe   iQdiYidXal   gReV   iQWR   eiWheU   Whe   WeVW   ( W )   RU   cRQWURl   ( F )   geaU.   The   

222 SURSRUWiRQ   Rf   iQdiYidXalV   RbVeUYed   iQ   Whe   WeVW   geaU   iQ   haXl    K    ZiWh   leQgWh   claVV    O    cRmSaUed   WR   Whe   

223
WRWal   QXmbeU   Rf   iQdiYidXalV   RbVeUYed      iV   mRdeled   aV   Whe   SURbabiliW\   Rf   eQWeUiQg   

224 Whe   WeVW   QeW,   beiQg   UeWaiQed,   aQd   beiQg   cRXQWed,   diYided   b\   Whe   SURbabiliW\   Rf   eQWeUiQg   eiWheU   QeW,   

225 beiQg   UeWaiQed   aQd   beiQg   cRXQWed:     

226
  

227 IW¶V   cRQYeQieQW   WR   ZUiWe   Whe   mRdel   mRUe   VimSl\   iQ   WeUmV   Rf   Whe   VXbVamSliQg   UaWiR:     

22�
  

22� IQ   SaiUed   geaU   VWXdieV,   Whe   ideal   UelaWiYe   fiVhiQg   SRZeU   iV   50%   (i.e.    S =0.5).   If   WhiV   iV   kQRZQ   

230 D   SULRUL    WheQ   iW   iV   SRVVible   WR   fi[    S    aW   0.5   b\   VSecif\iQg    SfRUPXla=a0    iQ   Whe    VelfiVheU    mRdel.  

231 If   aQRWheU   YalXe   Rf    S    iV   kQRZQ    D   SULRUL    dXe   WR   diffeUeQceV   iQ   effRUW,   VXch   aV   VZeSW   aUeaV,   WheQ   WhaW   

232 caQ   be   VSecified   XViQg   Whe    TUaWiR    aUgXmeQW.   FRU   e[amSle,   if   Whe   VWXd\   haV   (haXl-VSecific)   

233 VXbVamSliQg   fUacWiRQV    VW    aQd    VF    aV   Zell   aV   (haXl-VSecific)   VZeSW   aUeaV   Rf    DW    aQd    DF    fRU   Whe   WeVW   

234 aQd   cRQWURl   geaU   UeVSecWiYel\,   WheQ   RQe   cRXld   XVe   aUgXmeQW    TUaWiR    =   aW   /   ac   *   VW   /   

235 Vc    WRgeWheU   ZiWh    SfRUPXla=a0    (e.g.   SRmeUWRQ   eW   al.,   2013) .   
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236 CaWch   compariVon   (Zhere   boWh   gearV   are   VelecWiYe)   

237 CaWch   cRmSaUiVRQ   VWXdieV   cRmSaUe   Whe   caWcheV   iQ   WZR   geaUV,   bRWh   Rf   Zhich   aUe   

23� VelecWiYe.   CRQVeTXeQWl\,   WheUe   iV   QR   diUecW   iQfRUmaWiRQ   abRXW   Whe   leQgWh   diVWUibXWiRQ   Rf   Whe   

23� SRSXlaWiRQ   beiQg   fiVhed   aQd   iW   iV   RQl\   SRVVible   WR   mRdel   Whe   UelaWiYe   UeWeQWiRQ   SURbabiliW\   giYeQ   

240 Whe   SRSXlaWiRQ   eQcRXQWeUed   dXUiQg   WeVWiQg   (ReYill   &   HRlVW,   2004).   IQ   geQeUal,   Whe   UelaWiYe   

241 UeWeQWiRQ   SURbabiliW\   mRdel   caQ   be   Rf   aUbiWUaU\   VhaSe   aQd,   fRU   e[amSle,   ma\   QRW   be   mRQRWRQe.   

242 The   UeVSRQVe   YaUiable   iV   Whe   SURSRUWiRQ   Rf   fiVh   UeWaiQed   b\   RQe   geaU   YeUVXV   Whe   RWheU   

243
  .   

244 IQ   a   caWch   cRmSaUiVRQ   VWXd\,   Whe   e[SecWed   SURSRUWiRQ   Rf   Whe   WRWal   caWch   UeWaiQed   aQd   VamSled   iQ   

245 geaU   1   YeUVXV   geaU   2   iV   Whe   SURbabiliW\   Rf   eQWeUiQg   geaU   1,   beiQg   UeWaiQed   iQ   geaU   1,   aQd   beiQg   

246 VamSled   RYeU   Whe   SURbabiliW\   Rf   eQWeUiQg,   beiQg   UeWaiQed,   aQd   beiQg   VamSled   iQ   eiWheU   geaU.   IW   iV   

247 alZa\V   mRdeled   ZiWh   a   lRgiW   liQk:   

24�
    

24� ZheUe    U 1 (O)    aQd    U 2 (O)    aUe   Whe   abVRlXWe   UeWeQWiRQ   SURbabiliWieV   Rf   Whe   WZR   geaUV,   bXW   iW   iVQ¶W   SRVVible   

250 WR   eVWimaWe   Whem   VeSaUaWel\.   HRlVW   &   ReYill   (2009)   VhRZed   WhaW   Whe   e[SecWed   SURSRUWiRQ   caQ   be   

251 aSSUR[imaWed   ZiWh   a   SRl\QRmial   ZiWh   a   lRgiW   liQk   aQd   aQ   RffVeW   WR   accRXQW   fRU   aQ\   VXbVamSliQg.   

252 The\   VhRZed   WhaW   Whe   UelaWiYe   fiVhiQg   SUeVVXUe    S h     caQ   be   abVRUbed   b\   Whe   iQWeUceSW   aQd   WhaW   iW   

253 ma\   YaU\   UaQdRml\   beWZeeQ   haXlV.   The    VelfiVheU    Sackage   allRZV   fiWWiQg   a   UaQdRm   iQWeUceSW   

254 Rf   haXl   aV   iQ   a   mi[ed   effecWV   mRdel.   IQ   geQeUal,   Whe   UelaWiYe   UeWeQWiRQ   mRdel   iQ   a   caWch   

255 cRmSaUiVRQ   aQal\ViV   caQ   be   fRUmXlaWed   aV   eiWheU   a   SRl\QRmial   (HRlVW   &   ReYill,   2009)   RU   a   VSliQe   

256 (MilleU,   2013);   Vee   Whe   caWch   cRmSaUiVRQ   caVe   VWXdieV   iQ   ASSeQdiceV   3   aQd   4   fRU   a   

257 demRQVWUaWiRQ   Rf   hRZ   WhiV   caQ   be   dRQe   ZiWh    VelfiVheU .     
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25� Handling   e[tra   variabilit\   

25� OYerdiVperVion   

260 OYeUdiVSeUViRQ   iV   Whe   SUeVeQce   Rf   YaUiabiliW\   iQ   Whe   SURSRUWiRQV   WhaW   iV   iQ   e[ceVV   Rf   Whe   

261 YaUiabiliW\   VSecified   XQdeU   Whe   biQRmial   mRdel.   OYeUdiVSeUViRQ   caQ   aUiVe   dXe   WR   beWZeeQ-haXl   

262 YaUiabiliW\   ZheUeb\   Whe   UeWeQWiRQ   mRdel   YaUieV   fURm   haXl   WR   haXl.   TR   a   leVVeU   e[WeQW   iW   caQ   alVR   

263 aUiVe   dXe   WR   ZiWhiQ-haXl   YaUiabiliW\   dXe   WR   VchRRliQg   behaYiRU   WhaW   YiRlaWeV   Whe   aVVXmSWiRQ   WhaW   all   

264 fiVh   behaYe   iQdeSeQdeQWl\.   The   acceSWed   aSSURacheV   fRU   iQclXdiQg   WhiV   YaUiabiliW\   aUe   Whe   XVe   Rf   

265 bRRWVWUaSSiQg   (MillaU,   1993)   aQd   Whe   XVe   Rf   mi[ed   effecWV   mRdelV   (MillaU   eW   al.,   2004).   BRWh   Rf   

266 WheVe   meWhRdV   aUe   aYailable   iQ    VelfiVheU .   See   Whe   cRYeUed   cRdeQd   aQd   SaiUed   geaU   caVe   

267 VWXdieV   (ASSeQdiceV   1   aQd   2)   fRU   e[amSleV   Rf   XViQg   mi[ed   effecWV   iQ    VelfiVheU .   IQ   WhiV   We[W,   

26� Ze   dR   QRW   geW   iQWR   Whe   deWailV   Rf   UaQdRm   effecWV   becaXVe   iW   iV   a   laUge   WRSic;   hRZeYeU,   QRWe   WhaW   iQ   

26� VelfiVheU ,   Whe\   aUe   imSlemeQWed   iQ   Whe   Vame   Za\   aV    glPPTMB    (BURRkV   eW   al.,   2017)   XViQg   Whe   

270 LaSlace   aSSUR[imaWiRQ,   Zhich   iV   a   VWaQdaUd   meWhRd   cRmmRQl\   XVed   iQ   mRdeUQ   mi[ed   

271 mRdelliQg.   All   Rf   Whe   caVe   VWXdieV   demRQVWUaWe   hRZ   WR   bRRWVWUaS   aV   deVcUibed   belRZ.   

272 QXanWif\   XncerWainW\   b\   booWVWrapping   

273 FRU   aQ\   VWaWiVWical   mRdel,   iW   iV   imSRUWaQW   WR   cRmSaUe   SUedicWiRQV   fURm   Whe   mRdel   -   aQd   Whe   

274 XQceUWaiQW\   aURXQd   WhRVe   SUedicWiRQV   -   ZiWh   RbVeUYed   daWa   WR   eQVXUe   WhaW   Whe   mRdel   UeaVRQabl\   

275 UeSUeVeQWV   Whe   daWa.   A   bRRWVWUaSSiQg   SURcedXUe   ZaV   deYelRSed   b\   MillaU   (1993)   WR   accRXQW   fRU   

276 YaUiaWiRQ   beWZeeQ   aQd   ZiWhiQ   haXlV   aQd   calcXlaWe   aSSURSUiaWel\   Zide   cRQfideQce   iQWeUYalV.   The   

277 bRRWVWUaSSiQg   meWhRd   caQ   accRXQW   fRU   RYeUdiVSeUViRQ   iQ   daWa   dXe   WR   YaUiabiliW\   amRQg   haXlV   (aV   

27� deVcUibed   abRYe   iQ   Whe    OYHUGLVSHUVLRQ    VecWiRQ);   becaXVe   Rf   WhiV,   iW   iV   QRW   QeceVVaU\   WR   iQclXde   a   

27� UaQdRm   effecW   Rf   haXl   iQ   mRdelV   WR   be   bRRWVWUaSSed.   The   bRRWVWUaSSiQg   meWhRd   iV   alVR   
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2�0 VRmeWimeV   UefeUUed   WR   aV   a   ³dRXble   bRRWVWUaS´   iQ   fiVhiQg   geaU   VelecWiYiW\   liWeUaWXUe,   bXW   WhiV   WeUm   

2�1 haV   aQRWheU   meaQiQg   iQ   VWaWiVWicV   (e.g.   KXk,   1989).   ThiV   meWhRd   fiUVW   UeVamSleV   Whe   Vame   

2�2 QXmbeU   Rf   haXlV   fURm   Whe   RbVeUYed   VeW,   ZiWh   UeSlacemeQW.   TheQ   fRU   each   UeVamSled   haXl,   Whe   

2�3 meWhRd   UeVamSleV   RbVeUYed   fiVh   ZiWhiQ   Whe   haXl.   TheQ   iW   UefiWV   Whe   mRdel   WR   Whe   UeVamSled   daWa   

2�4 VeW   aQd   Whe   UefiW   mRdel   iV   XVed   WR   SURdXce   YalXeV   VXch   aV   SUedicWiRQV   RU   SaUameWeU   eVWimaWeV.   IW   

2�5 iV   W\Sicall\   UeSeaWed   RQe   WhRXVaQd   WimeV   RU   mRUe.   ThiV   bRRWVWUaSSiQg   meWhRd   iV   imSlemeQWed   iQ   

2�6 VelfiVheU    iQ   a   Za\   WhaW   maiQWaiQV   all   YaUiableV   aVVRciaWed   ZiWh   each   RbVeUYed   daWa   SRiQW,   QRW   

2�7 jXVW   leQgWh   claVV,   e.g.   VamSliQg   fUacWiRQV   RU   WRWal   caWch.   ThiV   iV   faciliWaWed   b\   VSecif\iQg   Whe    haXl   

2�� aUgXmeQW   iQ   Whe    VelfiVheU    mRdel   fiWWiQg   fXQcWiRQ;   fRllRZed   b\   a   call   WR   Whe    bRRWSel    fXQcWiRQ.   

2�� IW   iV   alVR   SRVVible   WR   dR   UeVamSliQg   fURm   SRRlV   Rf   haXlV,   VR   WhaW   eYeU\   bRRWVWUaSSed   

2�0 daWaVeW   haV   Whe   Vame   QXmbeU   Rf   haXlV   iQ   each   SRRl   aV   iQ   Whe   RUigiQal   daWa   (HeUUmaQQ   eW   al.,   

2�1 2017).   ThaW   iV,   if   Whe   RUigiQal   daWaVeW   haV   H A    haXlV   Rf   W\Se   A   aQd   H B    haXlV   Rf   W\Se   B,   WheQ   iW   iV   

2�2 SRVVible   WR   bRRWVWUaS   iQ   a   Za\   VXch   WhaW   VimXlaWed   daWa   VeWV   haYe   H A    haXlV   Rf   W\Se   A   aQd   H B   

2�3 haXlV   Rf   W\Se   B.   ThiV   iV   dRQe   XViQg   Whe    SRRl    aUgXmeQW   WR   Whe    VelfiVheU    fXQcWiRQ.   The   iQQeU   

2�4 SaUW   Rf   Whe   bRRWVWUaSSiQg   meWhRd   (UeVamSliQg   fiVh   ZiWhiQ   haXlV)   iV   Whe   Vame   aV   iQ   Whe   UegXlaU   

2�5 bRRWVWUaSSiQg   meWhRd.   ThiV   iV   XVefXl   ZheQ   haXlV   Rf   Whe   WZR   geaUV   RU   WacWicV   beiQg   cRmSaUed   aUe   

2�6 XQSaiUed.   See   Whe   gillQeW   caVe   VWXd\   iQ   ASSeQdi[   3   fRU   aQ   e[amSle   Rf   VSecif\iQg   SRRlV   Rf   haXlV.     

2�7 BooWVWrapping   and   mi[ed   modeling   

2�� Mi[ed   mRdelliQg   iV   a   fRUmal   meWhRd   WhaW   WakeV   iQWR   accRXQW   SRVVible   VRXUceV   Rf   

2�� YaUiabiliW\   iQ   Whe   daWa   VXch   aV   YaUiaWiRQ   beWZeeQ   haXlV,   eQabliQg   VRXQd   h\SRWheViV   WeVWiQg   aQd   

300 mRdel   VelecWiRQ.   HRZeYeU,   fiWWiQg   mi[ed   mRdelV   caQ   be   cRmSXWaWiRQall\   iQWeQViYe.   MRUeRYeU,   Whe   

301 UeVeaUcheU   iV   W\Sicall\   iQWeUeVWed   iQ   RbWaiQiQg   RYeUall   VelecWiYiW\   SUedicWiRQV,   UaWheU   WhaQ   aW   Whe   

302 haXl   leYel,   becaXVe   WheVe   aUe   UeleYaQW   WR   Whe   VelecWiYiW\   aSSlied   WR   Whe   fiVheU\.   IQ   WhaW   caVe   iW   iV   

303 QeceVVaU\   WR   UefiW   Whe   beVW   caQdidaWe   mRdel,   leaYiQg   RXW   aQ\   UaQdRm   effecWV.   BRRWVWUaSSiQg   caQ   
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304 WheQ   be   XVed   WR   RbWaiQ   cRQfideQce   iQWeUYalV   fRU   eVWimaWed   TXaQWiWieV   VXch   aV   SUedicWed   UeWeQWiRQ   

305 cXUYeV   RU   l 50    aQd   SR.   See   caVe   VWXdieV   1   aQd   2   fRU   e[amSleV.   

306 Case   studies     

307 1.   CoYered   codend   anal\VeV   of   foXr   codendV   caWching   haddock     

30� ThiV   caVe   VWXd\   XVeV   Whe   haddRck   daWa   fURm   aQ   e[SeUimeQW   WhaW   emSlR\ed   Whe   cRYeUed   

30� cRdeQd   meWhRd   WR   iQYeVWigaWe   Whe   VelecWiYe   SeUfRUmaQce   Rf   fRXU   cRdeQdV   (O'Neill   eW   al.,   2016).   

310 The   cRdeQdV   ZeUe   made   fURm   QeWWiQg   maWeUialV   ZiWh   diffeUeQW   WZiQe   beQdiQg   VWiffQeVVeV   aQd   

311 meVh   Vi]eV.   

312 We   begiQ   Whe   caVe   VWXd\   b\   lRRkiQg   aW   jXVW   RQe   geaU   W\Se   WR   demRQVWUaWe   diffeUeQW   liQk   

313 fXQcWiRQV   WhaW   caQ   be   XVed   aQd   WR   VhRZ   hRZ   WR   accRXQW   fRU   VXbVamSliQg,   Zhich   iQ   WhiV   e[amSle   

314 YaUieV   ZiWh   leQgWh.   The   defaXlW   liQk   iV   Whe   lRgiVWic,   bXW   Ze   alVR   cRQVideU   Whe   SURbiW   aQd   RichaUdV   

315 cXUYeV   aQd   a   VSliQe.   HaYiQg   chRVeQ   a   mRdel,   Ze   bRRWVWUaS   WR   eVWimaWe   95%   cRQfideQce   iQWeUYalV   

316 fRU   Whe   SURSRUWiRQ   UeWaiQed   b\   Whe   cRdeQd.   

317 We   WheQ   aQal\Ve   all   fRXU   geaU   W\SeV   WRgeWheU   aQd   iQYeVWigaWe   Whe   iQflXeQce   Rf   leQgWh,   

31� meVh   Vi]e,   beQdiQg   VWiffQeVV   aQd   caWch   Vi]e.   We   aVVXme   Whe   SUiQciSle   Rf   geRmeWUic   VimilaUiW\   (aV   

31� XVed   b\   TRkai   eW   al.   (1996)   WR   iQYeVWigaWe   gUid   VelecWiRQ)   aQd   e[SlRUe   a   QXmbeU   Rf   mRdelV   aQd   

320 chRRVe   Whe   beVW   fiW   XViQg    Ba\eViaQ   iQfRUmaWiRQ   cUiWeUiRQ   ( BIC).   WheQ   chRRViQg   Whe   beVW   mRdel,   

321 Ze   iQclXde   a   UaQdRm   effecW   Rf   haXl   WR   accRXQW   fRU   beWZeeQ-haXl   YaUiaWiRQ.   AV   iQ   Whe   RUigiQal   

322 SXblicaWiRQ,   Ze   VhRZ   WhaW   VelecWiRQ   iV   deSeQdeQW   RQ   all   WhUee   SaUameWeUV.   BefRUe   bRRWVWUaSSiQg,   

323 Ze   dURS   Whe   UaQdRm   effecW   Rf   haXl   fURm   Whe   beVW   mRdel   becaXVe   Whe   bRRWVWUaSSiQg   meWhRd   

324 accRXQWV   fRU   beWZeeQ-haXl   YaUiabiliW\   aQd   Whe   UaQdRm   effecW   ZRXld   VlRZ   iW   dRZQ   cRQVideUabl\.   

325 We   bRRWVWUaS   WR   eVWimaWe   cRQfideQce   iQWeUYalV   fRU   Whe   SURSRUWiRQ   UeWaiQed   b\   each   geaU   aQd   

326 QXmeUicall\   VRlYe   fRU   l 50    aQd   SR   deSeQdeQW   RQ   cRYaUiaWeV.   See   ASSeQdi[   1   fRU   deWailV   aQd   cRde.   
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327 2.    Paired   gear   anal\VeV   of   codend   VelecWiYiW\   dependenW   on   

32� meVh   Vi]e   

32� ThiV   caVe   VWXd\   dUaZV   RQ   a   VXbVeW   Rf   daWa   fURm   Whe   GeUmaQ   UeVeaUch   SURjecW   CRANNET   

330 (SaQWRV   eW   al.,   2018).   The   e[SeUimeQWal   meWhRd   cRQViVWed   Rf   fiVhiQg   ZiWh   WZR   ideQWical   beam   

331 WUaZlV,   VimXlWaQeRXVl\   aQd   iQ   SaUallel   RQ   Whe   Vame   VhUimS   SRSXlaWiRQ.   OQe   Rf   Whe   WUaZlV   mRXQWed   

332 a   Vmall-meVh   (11   mm)   cRQWURl   cRdeQd   ZiWh   YeU\   limiWed   VelecWiYiW\,   aVVXmed   WR   be   QRQVelecWiYe   

333 RQ   Whe   UaQge   Rf   VhUimS   leQgWhV   aYailable   fRU   Whe   WUaZl.   The   VecRQd   WUaZl   mRXQWed   a   WeVW   cRdeQd.   

334 The   VXbVeW   Rf   daWa   aQal\]ed   heUe   cRQViVWV   Rf   caWch   daWa   fURm   87   haXlV,   dXUiQg   Zhich   13   

335 diamRQd-meVh   cRdeQdV   YaU\iQg   iQ   meVh   Vi]e   UaQgiQg   fURm   19.1   mm   WR   36.3   mm   ZeUe   WeVWed.   

336 The   gRal   ZaV   WR   mRdel   l 50    aQd   SR   aV   a   fXQcWiRQ   Rf   meVh   Vi]e,   aQd   WR   TXaQWif\   aQ\   effecW   Rf   WZR   

337 addiWiRQal   haXl   cRYaUiaWeV,   Vea   VWaWe   aQd   caWch   ZeighW.   

33� The   VWaWiVWical   mRdeliQg   Rf   VelecWiYiW\   begiQV   ZiWh   a   mi[ed   mRdel   WR   fRUmall\   aVVeVV   Whe   

33� effecW   Rf   meVh   Vi]e,   Vea   VWaWe   aQd   caWch   ZeighW,   Zhile   cRQWURlliQg   fRU   UaQdRm   YaUiaWiRQ   amRQg   

340 haXlV.    A   SULRUL ,   Whe   aVVXmSWiRQ   Rf   geRmeWUic   VimilaUiW\   (WhaW   iV,   l 50    aQd   SR   beiQg   SURSRUWiRQal   WR   

341 meVh   Vi]e)   ZaV   aVVXmed   WR   be   Whe   defaXlW   mRdel,   aQd   iW   iV   VhRZQ   WhaW   WhiV   cRUUeVSRQdV   WR   XViQg   

342 a    I(leQgWh/PeVhVi]e)    WeUm   iQ   Whe    VelfiVheU    fRUmXla   iQWeUface   fRU   Whe   UeWeQWiRQ   mRdel   

343 (BaUaQRY,   1948).   The   defaXlW   mRdel   ZaV   cRmSaUed   WR   VeYeUal   RWheUV   aQd   fRXQd   WR   be   SUefeUUed   

344 (XViQg   BIC),   aQd   QeiWheU   Vea   VWaWe   QRU   caWch   ZeighW   had   a   VigQificaQW   effecW.   

345 HaYiQg   chRVeQ   geRmeWUic   VimilaUiW\   (ZiWh   UeVSecW   WR   meVh   Vi]e)   aV   Whe   SUefeUUed   mRdel,   

346 WhiV   mRdel   ZaV   UefiWWed   ZiWhRXW   UaQdRm   effecWV   VR   aV   WR   eVWimaWe   Vi]e   VelecWiYiW\   aW   Whe   SRSXlaWiRQ   

347 leYel.   BRRWVWUaSSiQg   ZaV   XVed   WR   RbWaiQ   aSSURSUiaWe   cRQfideQce   iQWeUYalV   RQ   l 50    aQd   SR   fRU   aQ\   

34� giYeQ   meVh   Vi]e.   

34� IQ   addiWiRQ,   WhiV   caVe   VWXd\   demRQVWUaWeV   Whe   XVe   Rf    SVSliW=TRUE    (XQeTXal   fiVhiQg   

350 SRZeU   Rf   Whe   SaiUed   cRdeQdV),   Whe   XVe   Rf   VamSliQg   UaWiRV,   XVe   Rf   Whe    iQiWV()    fXQcWiRQ   WR   
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351 VSecif\   gRRd   VWaUWiQg   YalXeV   (becaXVe   ZiWhRXW   iW   VRme   mRdelV   cRQYeUged   WR   lRcal   miQima   WhaW   

352 didQ¶W   make   aQ\   VeQVe),   aQd   VhRZV   hRZ   l 50    aQd   SR   caQ   be   RbWaiQed   diUecWl\   fURm   Whe   mRdel   

353 fiWWed   b\    VelfiVheU.    See   ASSeQdi[   2   fRU   deWailV   aQd   cRde.   

354 3.   CaWch   compariVon   anal\VeV   of   Xnpaired   haXlV   of   gillneWV   

355 aYoiding   an   XnZanWed   crab   

356 ThiV   e[amSle   dealV   ZiWh   daWa   fURm   aQ   e[SeUimeQW   RUigiQall\   SXbliVhed   b\   SaYiQa   eW   al.   

357 (2017).   TZR   VRak   WacWicV   (12h   aW   da\   aQd   12h   aW   QighW)   ZeUe   cRmSaUed   iQ   Whe   DaQiVh   gillQeW   

35� Slaice   fiVheU\   WR   eVWimaWe   Whe   URle   WhaW   Whe   chRice   Rf   a   VRak   WacWic   Sla\V   iQ   Whe   caWch   efficieQc\   Rf   

35� bRWh   WaUgeW   aQd   XQZaQWed   VSecieV.   ThiV   iV   a   VXbVeW   Rf   Whe   RUigiQal   daWaVeW   (RQe   VSecieV,   WZR   

360 VRak   WacWicV)   ZheUe   Ze   aUe   lRRkiQg   aW   Whe   XQZaQWed   iQYeUWebUaWe   edible   cUab   ( CDQFHU   SDJXUXV ).     

361 We   XVe   Whe   meWhRd   deYelRSed   b\   HeUUmaQQ   eW   al.   (2017)   Zhich   ZaV   deYelRSed   fRU   

362 aVVeVViQg   Whe   effecW   Rf   chaQgiQg   Whe   geaU   deVigQ   RQ   Whe   UelaWiYe   leQgWh-deSeQdeQW   caWch   

363 efficieQc\.   ThiV   e[amSle   iV   UeSUeVeQWaWiYe   Rf   e[SeUimeQWal   fiVhiQg   ZheUe   Whe   caWch   daWa   RbWaiQed   

364 fRU   WZR   geaUV   RU   WacWicV   ZeUe   QRW   cRllecWed   iQ   SaiUV,   aQd   caQ   allRZ   fRU   a   diffeUeQW   QXmbeU   Rf   

365 deSlR\meQWV.   

366 ThiV   caVe   VWXd\   iV   a   W\Sical   mRdel   fRU   caWch   cRmSaUiVRQ   Rf   mXlWiSle   haXl   daWa   ZiWhRXW   

367 VXbVamSliQg   XViQg   a   VSliQe.   TR   geW   cRQfideQce   iQWeUYalV   RQ   SUedicWiRQV,   Ze   bRRWVWUaSSed   fURm   

36� WZR   SRRlV   accRUdiQg   WR   WacWic   (NighW   YV   Da\)   XViQg   Whe   aUgXmeQW    SRRl=WacWic    WR   Whe    bRRWSel   

36� fXQcWiRQ.   See   ASSeQdi[   3   fRU   deWailV   aQd   cRde.   
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370 4.   CaWch   compariVon   anal\VeV   of   paired   haXlV   of    Nephrops   

371 WZin-rigged   WraZlV     

372 The  e[amSle  iV  baVed  RQ  Whe  daWa  fURm  Melli  eW  al.  (2018).  AQ  aQWeUiRU  geaU  mRdificaWiRQ,                  

373 Qamel\  Whe  cRXQWeU-heUdiQg  deYice  FLEXSELECT,  ZaV  WeVWed  iQ  a  WZiQ-Uig  cRQfigXUaWiRQ,  ZheUe              

374 WZR  ideQWical  WUaZlV  ZeUe  WRZed  iQ  SaUallel.  OQe  WUaZl  ZaV  eTXiSSed  ZiWh  FLEXSELECT,  UefeUUed                

375 WR  aV  Whe  WeVW  WUaZl,  Zhile  Whe  RWheU  ZRUked  aV  baVeliQe.  The  aim  Rf  Whe  VWXd\  ZaV  WR  deWeUmiQe  if                      

376 FLEXSELECT  cRXld  UedXce  Whe  fiVh  b\caWch  iQ  a   NHSKURSV -diUecWed  fiVheU\.  The  daWa  XVed  iQ                

377 Whe  e[amSle  aUe  fURm  haddRck,  Zhich  ZaV  fRXQd  WR  be  VWURQgl\  affecWed  b\  Whe  cRXQWeU-heUdiQg                 

37� deYice.   

37� FRllRZiQg   Whe   VWeSV   Rf   Whe   SXbliVhed   SaSeU,   Ze   cRQdXcWed   a   caWch   cRmSaUiVRQ   aQal\ViV,   

3�0 mRdeliQg   Whe   UelaWiYe   UeWeQWiRQ   aV   a   4Wh-RUdeU   SRl\QRmial.   IQ   addiWiRQ,   Ze   XVed   a   VSliQe   ZiWh   4   

3�1 degUeeV   Rf   fUeedRm   XViQg   Whe    VSliQeV    Sackage   aQd   SeUfRUmed   mRdel   VelecWiRQ   WR   deWeUmiQe   if   

3�2 iW   fiWWed   Whe   daWa   beWWeU.   CRQVideUiQg   WhaW   SaUW   Rf   Whe   haXlV   ZeUe   cRQdXcWed   iQ   da\-Wime   aQd   SaUW   iQ   

3�3 QighW-Wime,   ³Wime´   ZaV   iQclXded   iQ   Whe   mRdel   aV   aQ   e[SlaQaWRU\   YaUiable   WR   deWeUmiQe   if   Whe   

3�4 leQgWh-baVed   efficieQc\   Rf   FLEXSELECT   SUeVeQWed   diel   diffeUeQceV.   We   SUedicWed   bRWh   caWch   

3�5 cRmSaUiVRQ   UaWeV   aQd   caWch   UaWiR   ZiWh   bRRWVWUaSSed   cRQfideQce   iQWeUYalV   XViQg   Whe    SUedicW   

3�6 aQd    bRRWSel    fXQcWiRQV   fURm    VelfiVheU .   See   ASSeQdi[   4   fRU   deWailV   aQd   cRde.   

3�7 Discussion   

3�� We   haYe   iQWURdXced   aQ   RSeQ   VRXUce   R   Sackage   fRU   eVWimaWiQg   fiVhiQg   geaU   VelecWiYiW\   Rf   

3�� bRWh   WRZed   aQd   SaVViYe   geaU,   makiQg   iW   eaVieU   fRU   aQ\RQe   WR   aQal\]e   fiVhiQg   geaU   VelecWiYiW\   daWa   

3�0 ZiWhRXW   ZUiWiQg   e[WeQViYe   amRXQWV   Rf   cRde.   We   haYe   demRQVWUaWed   iWV   bURad   aSSlicabiliW\   iQ   fRXU   

3�1 caVe   VWXdieV   VSaQQiQg   a   UaQge   Rf   e[SeUimeQWal   deVigQV.   The   caVe   VWXdieV   haYe   VhRZQ   WhaW   
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3�2 UeVXlWV   fURm    VelfiVheU    aUe   cRmSaUable   WR   SUeYiRXVl\   SXbliVhed   UeVXlWV   aQd   WhaW    VelfiVheU   

3�3 iV   mRUe   fle[ible   WhaQ   VRme   meWhRdV   (e.g.   a   ViQgle   mRdel   WR   TXaQWif\   Whe   effecW   Rf   chaQgiQg   meVh   

3�4 Vi]e   RQ   l 50    aQd   SR).   SRme   Rf   Whe   feaWXUeV   Rf    VelfiVheU    WhaW   ZeUe   demRQVWUaWed   iQ   Whe   caVe   

3�5 VWXdieV   aUe   VXmmaUi]ed   iQ   Table   2.   The   caVe   VWXdieV   aim   WR   demRQVWUaWe   beVW   SUacWiceV   baVed   

3�6 RQ   cXUUeQW   kQRZledge.   HRZeYeU,   WhiV   iV   aQ   acWiYe   aUea   Rf   UeVeaUch   aQd   ZiWh   a   QeZ   SRZeUfXl   

3�7 mRdel   fiWWiQg   WRRl,   beVW   SUacWiceV   ma\   chaQge.   EYeQ   ZiWh   (RU   eVSeciall\   ZiWh)   a   SRZeUfXl   WRRl,  

3�� aQal\VeV   UeTXiUe   caUefXl   WhRXghW   aQd   checkiQg   Rf   UeVXlWV.   FRU   e[amSle,   iQ   cRmSlicaWed   mRdelV   

3�� VXch   aV   SaiUed   geaU   mRdelV   Zhich   cRQWaiQ   WZR   VXbmRdelV   (UeWeQWiRQ   aQd   UelaWiYe   fiVhiQg   SRZeU),   

400 iW   ma\   be   QeceVVaU\   WR   be   caXWiRXV   abRXW   ideQWifiabiliW\   Rf   SaUameWeUV   aQd   lRcal   RSWima   

401 eQcRXQWeUed   dXUiQg   ma[imXm   likelihRRd   eVWimaWiRQ,   bXW   beWWeU   VWaUWiQg   YalXeV   helS   aYRid   WhRVe   

402 iVVXeV   aV   demRQVWUaWed   iQ   ASSeQdi[   2   (BRlkeU   eW   al.,   2013).   

403 We   haYe   VeYeUal   adYaQcemeQWV   fRU   Whe   Sackage   eiWheU   SlaQQed   fRU   Whe   fXWXUe   RU   alUead\   

404 XQdeUZa\.   We   SlaQ   WR   add   fXQcWiRQV   WR   calcXlaWe   diVcaUd   UaWiR   iQdiceV   aQd   iQdicaWRU   fXQcWiRQV   

405 (e.g.   WieQbeck   eW   al.,   2014;   SaQWRV   eW   al.,   2016;   Veiga-MalWa   eW   al.,   2019).   We   ma\   add   a   

406 fXQcWiRQ   WR   faciliWaWe   mRdel   aYeUagiQg,   alWhRXgh   iW   iV   cXUUeQWl\   SRVVible   WR   Siece   WhiV   fXQcWiRQaliW\   

407 WRgeWheU   ZiWh   Whe   e[iVWiQg   feaWXUeV.   We   haYe   QRW   WUied   WR   fiW   VWUXcWXUed   QRQ-mRQRWRQic   cXUYeV   

40� (e.g.   bell-VhaSed   cXUYeV   Rf   gillQeW   abVRlXWe   VelecWiYiW\   baVed   RQ   geRmeWUic   VimilaUiW\,   BaUaQRY   

40� 1948)   ZiWh    VelfiVheU,    bXW   Ze   Zill   e[SlRUe   WhiV   SRVVibiliW\   iQ   Whe   fXWXUe.   We   Zill   iQYeVWigaWe   hRZ   

410 WR   chRRVe   VWaUWiQg   YalXeV   Rf   SaUameWeUV   iQ   mRdelV   WhaW   haYe   RichaUdV   liQk,   WR   iQcUeaVe   

411 URbXVWQeVV.   We   SlaQ   WR   imSlemeQW   a   geQeUal   meWhRd   WR   e[WUacW   l 50    aQd   SR   fURm   cRmSle[   mRdelV   

412 aV   demRQVWUaWed   iQ   caVe   VWXdieV   1   aQd   2.   TR   haQdle   RYeUdiVSeUViRQ   mRUe   elegaQWl\,   Ze   SlaQ   WR   

413 add   Whe   RSWiRQ   Rf   haYiQg   a   beWa-biQRmial   diVWUibXWiRQ   fRU   Whe   UeVSRQVe   (MilleU,   2013).   We   aUe   

414 alUead\   iQ   Whe   SURceVV   Rf   deYelRSiQg   a   ShiQ\   aSS,   Zhich   Zill   faciliWaWe   VimSle   VWaQdaUd   aQal\VeV   

415 ZiWhRXW   Whe   Qeed   fRU   ZUiWiQg   cRde;   WhiV   Zill   helS   bUidge   Whe   gaS   fRU   VcieQWiVWV   RU   maQageUV   ZiWh   

416 e[WeQViYe   e[SeUieQce   iQ   geaU   deYelRSmeQW   bXW   liWWle   e[SeUieQce   ZiWh   R.   AV   aQ   RSeQ   VRXUce   
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417 Sackage,   cRde   deYelRSeUV   aUe   eQcRXUaged   WR   cRQWUibXWe   imSURYemeQWV   WhURXgh   GiWHXb   VXch   aV   

41� WhRVe   liVWed   heUe.   

41� HaYiQg   acceVV   WR   a   fUee   aQd   RSeQ   VRXUce   VRfWZaUe   VhRXld   beQefiW   WhiV   field   Rf   UeVeaUch   iQ   

420 VeYeUal   Za\V.   IW   allRZV   UeVeaUcheUV   WR   VhaUe   cRde   aQd   WheUeb\   fRVWeU   a   cRmmXQiW\   fRU   diVcXVViRQ   

421 aQd   UeSeaWabiliW\.   The   fUee   QaWXUe   Rf   Whe   VRfWZaUe   Zill   eQable   UeVeaUcheUV   aQd   maQageUV   ZiWh   

422 limiWed   bXdgeWV   -   VXch   aV   WhRVe   iQ   deYelRSiQg   cRXQWUieV   -   WR   SeUfRUm   aQal\VeV   WhemVelYeV.   IW   

423 giYeV   VWaWiVWical   meWhRdV   Rf   UeWeQWiRQ   mRdelliQg   a   Za\   iQWR   claVVURRmV   cRQWaiQiQg   Whe   Qe[W   

424 geQeUaWiRQ   Rf   fiVheUieV   VcieQWiVWV   ZhR   aUe   alUead\   leaUQiQg   mRdeUQ   UegUeVViRQ   meWhRdV   aV   SaUW   

425 Rf   a   geQeUal   VcieQWific   cXUUicXlXm.   

426 AcknoZledgements   

427 We   WhaQk   William   T.   SWRckhaXVeQ   fRU   Whe   WUick   Rf   fi[iQg      WR   aQ\   QXmbeU   iQ   a   SaiUed   geaU   

42� aQal\ViV.   We   WhaQk   Whe   helSfXl   cUeZV   Rf   bRWh   UeVeaUch   aQd   cRmmeUcial   YeVVelV,   aV   Zell   aV   Whe   

42� fiVheUieV   WechQiciaQV   Rf   Whe   UeVeaUch   iQVWiWXWeV   SURYidiQg   eVVeQWial   VXSSRUW   dXUiQg   Whe   fiVhiQg   

430 WUiSV.   We   aUe   gUaWefXl   fRU   fXQdiQg   fURm   Whe   EXURSeaQ   MaUiWime   aQd   FiVheUieV   FXQd   (EMFF)   aQd   

431 Whe   MiQiVWU\   Rf   EQYiURQmeQW   aQd   FRRd   Rf   DeQmaUk   (Milj¡-   Rg   F¡deYaUemiQiVWeUieW)   aV   SaUW   Rf   Whe   

432 SURjecWV   FaVWTUack   ±   SXVWaiQable,   cRVW   effecWiYe   aQd   UeVSRQViYe   geaU   VRlXWiRQV   XQdeU   Whe   laQdiQg   

433 RbligaWiRQ   (33112-P-15-013),   FaVWTUack   II   ±   SXVWaiQable,   cRVW   effecWiYe   aQd   UeVSRQViYe   geaU   

434 VRlXWiRQV   XQdeU   Whe   laQdiQg   RbligaWiRQ   (33112-P-18-051),   aQd   Fle[VelecW    -   IQQRYaWiYe   aQd   

435 Fle[ible   VRlXWiRQV   fRU   Whe   NeShURSV   FiVheUieV   (33113-I-16-068).     

436   
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446 JRUdaQ   PaXl   FeekiQgV   hWWSV://RUcid.RUg/0000-0001-9103-7332   

447 Data   Availabilit\   Statement   

44� DaWa   XVed   iQ   Whe   caVe   VWXdieV   iV   aYailable   aV   SaUW   Rf   Whe    VelfiVheU    Sackage   RQ   GiWHXb.   See   

44� Whe    IQVWDOODWLRQ    VecWiRQ   abRYe   aV   Zell   aV   Whe   aSSeQdiceV.   
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5�3 Table   1.   S\mbolV   

5�4   

5�5    

  NXmbeU   of   fiVh   caXghW   in   comSaUWmenW    i ,   haXl    h ,   in   lengWh   claVV    O   

  NXmbeU   of   fiVh   VamSled   in   comSaUWmenW    i ,   haXl    h ,   in   lengWh   claVV    O   

  PUoSoUWion   of   fiVh   VamSled   in   comSaUWmenW    i ,   haXl    h ,   in   lengWh   claVV    O   

  SXbVamSling   UaWio   foU   comSaUWmenW    i    YV    j    in   haXl    h ,   in   lengWh   claVV    O   

  ReWenWion   SUobabiliW\   aV   a   fXncWion   of   lengWh    O   

  RelaWiYe   fiVhing   SoZeU   of   WeVW   YV   conWUol   geaU   in   haXl    h   

  PUobabiliW\   model   in   a   SaiUed   geaU   model   

  PUobabiliW\   model   in   a   caWch   comSaUiVon   model   

  

  PUobabiliW\   model   in   a   coYeUed   codend   model   
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5�6 Table   2.   A   liVW   of    selfisher    feaWXUeV   demonVWUaWed   in   Whe   foXU   caVe   VWXdieV   ZiWh   code   

5�7 in   ASSendiceV   1   WhUoXgh   4   (UeVSecWiYel\).   

5��   

FeaWXUe   DePRQVWUaWed   iQ   caVe   VWXdieV   

Random   effecWV   1,   2   

Fi[ed   effecWV   oWheU   Whan   lengWh   oU   Vi]e   1,   2   

SSlineV   3,   4   

ReVidXal   SloW   1   

SSecif\ing   iniWial   YalXeV   2   

Model   VelecWion   Yia   infoUmaWion   cUiWeUia   1,   2   

Link   fXncWionV   oWheU   Whan   defaXlW   logiW   1   
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Appendix 1: Covered codend analyses of four codends catching
haddock

4 Dec 2020

This example deals with data from an experiment published by O’Neill et al. (2016) that investigated the
selectivity of haddock (Melanogrammus aeglefinus) in four codends made from netting materials with di�erent
twine bending sti�nesses and mesh sizes. Three of the codends had a nominal mesh size of 120mm and one a
nominal mesh size of 130mm. The twine bending sti�ness values were in the range 0.64 to 1.1kN mm2. We
label the codends as 120low, 120med, 120high and 130med to reflect their mesh size and bending sti�ness (as
categorised by the netting manufacturers). As in the original analysis, we show that selection is dependent
on both of these parameters and the total codend catch weight.

Preliminaries
library(selfisher)

library(plyr) #for aggregating data
library(ggplot2); theme_set(theme_bw())

library(parallel) #for bootstrapping in parallel
library(bbmle) #for AICtab BICtab
library(splines)

library(reshape)

Data structure
We load the data each row of which corresponds to the fish of a given length from a given haul. The length
(cm), haul number, mesh size (mm), twine bending sti�ness (kNmm2), number of fish measured from the
codend, codend raising factor, number of fish measured from the cover, cover raising factor, catch size (kg)
and codend label are specified respectively.
data("coverhaddock")

head(coverhaddock)

## Length haul mesh stiffness codend cod_rf cover cov_rf catch gear

## 1 10.5 36 119.3 0.69 0 1 0 1.00 617 120low

## 2 11.5 36 119.3 0.69 0 1 0 1.00 617 120low

## 3 12.5 36 119.3 0.69 0 1 0 1.00 617 120low

## 4 13.5 36 119.3 0.69 0 1 1 4.78 617 120low

## 5 14.5 36 119.3 0.69 0 1 4 4.78 617 120low

## 6 15.5 36 119.3 0.69 0 1 12 4.78 617 120low

Here we can see that the raising factor varied by length class, which is not a problem in selfisher.
summary(coverhaddock)

## Length haul mesh stiffness

## Min. :10.5 Min. : 6.0 Min. :119.3 Min. :0.6400

## 1st Qu.:21.5 1st Qu.:13.0 1st Qu.:119.3 1st Qu.:0.6900

## Median :33.0 Median :22.5 Median :119.6 Median :0.8000

1
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## Mean :33.0 Mean :22.0 Mean :122.5 Mean :0.8087

## 3rd Qu.:44.5 3rd Qu.:31.0 3rd Qu.:129.4 3rd Qu.:0.8000

## Max. :55.5 Max. :39.0 Max. :129.4 Max. :1.1000

## codend cod_rf cover cov_rf

## Min. : 0.00 Min. :1.000 Min. : 0.00 Min. : 1.000

## 1st Qu.: 0.00 1st Qu.:1.000 1st Qu.: 0.00 1st Qu.: 1.000

## Median : 0.00 Median :1.000 Median : 3.00 Median : 2.580

## Mean : 11.89 Mean :1.349 Mean : 24.82 Mean : 3.437

## 3rd Qu.: 5.00 3rd Qu.:1.701 3rd Qu.: 38.00 3rd Qu.: 4.097

## Max. :156.00 Max. :2.989 Max. :272.00 Max. :59.330

## catch gear

## Min. :267.0 120high:322

## 1st Qu.:482.0 120low :368

## Median :535.5 120med :276

## Mean :556.7 130med :414

## 3rd Qu.:630.0

## Max. :979.0

We can also see that all the hauls are contained in one data frame. The data is organized into what is called
“long format”.

Transforming data
For a model in selfisher, we need to convert counts into proportions and totals. Unlike other GLM functions
for binomial regression, it is not possible to specify the binomial variable as a two-column response variable,
e.g. cbind(N_test, N_cover).

Because not all fish in the samples were counted, we will account for this in the model (Millar 1994). The
values we need in the model are calculated as cov_rf/cod_rf. If instead we had a sampling fraction, we
would calculate qratio = sampling_test/sampling_cover because a sampling fraction is the inverse of a
raising factor. We create a new column in the data with the value of qratio = cov_rf/cod_rf for each row.
An easy way to compute this value by row is to use the transform function.
coverhaddock = transform(coverhaddock,

total = codend + cover,

prop = codend / (codend+cover),

qratio = cov_rf / cod_rf)

We drop rows of data where no fish were observed because they don’t contain any information (i.e. where
total = 0). This doesn’t a�ect the model except to allow for bootstrapping later.
coverhaddock = subset(coverhaddock, !is.na(prop))

Single gear model with covered codend
We will start out with a simple example of one gear type (“120low”). So we need to subset the data.
coverhaddock_120low = subset(coverhaddock, gear=="120low")

The following is a model for multiple haul data from a covered codend experiment with subsampling. It could
be argued that there should be a random e�ect of haul in the models to account for variation among hauls
and avoid pseudoreplication, but we will keep it simple for this first example and only include a fixed e�ect of
length.
mod_base = selfisher(prop ~ Length, qratio=qratio, total=total, haul=haul, data=coverhaddock_120low)
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Extracting residuals and other standard methods
We can check the model residuals for patterns. There’s a residuals function for selfisher models. All
methods for selfisher models can be displayed as follows:
methods(class="selfisher")

## [1] anova confint df.residual extractAIC family fitted

## [7] fixef getME logLik model.frame nobs predict

## [13] print ranef residuals simulate summary terms

## [19] VarCorr vcov

## see �?methods� for accessing help and source code

Here is one way to plot the residuals.
coverhaddock_120low$res = residuals(mod_base, type="deviance")

ggplot(coverhaddock_120low, aes(Length, res, colour=factor(haul)))+geom_point()
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Residuals from GLMs are notoriously opaque, but in the future, we will try to make selfisher compatible
with the DHARMa package to make it easier to assess residuals (Hartig 2020).

Links other than logit
It is also possible to consider other link functions, or use a spline. See the function documentation (?selfisher)
for a list of implemented link functions. Here we fit the logistic, probit and Richard’s curve and a spline.
mod_probit = selfisher(prop ~ Length, qratio=qratio, total=total,

link="probit", haul=haul, coverhaddock_120low)

mod_richards = selfisher(prop ~ Length , qratio=qratio, total=total,
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link="richards", haul=haul, coverhaddock_120low)

## Warning in nlminb(start = par, objective = fn, gradient = gr, control =

## optControl): NA/NaN function evaluation

## Warning in nlminb(start = par, objective = fn, gradient = gr, control =

## optControl): NA/NaN function evaluation

mod_spline = selfisher(prop ~ bs(Length, 3), qratio=qratio, total=total,

haul=haul, coverhaddock_120low)

Fitting the model with link="richards" produced some warnings, but this is ok. The model is valid if the
summary function is able to produce non-NA standard-errors as seen below.
summary(mod_richards)

## Family: binomial ( Richards )

## Selectivity formula: prop ~ Length

## Data: coverhaddock_120low

## Total: total

##

## AIC BIC logLik deviance Pearson.ChiSq

## 953.2 963.9 -473.6 491.9 22746.8

## df.resid

## 255

##

##

## Richards exponent parameter (delta): 0.542

##

## Selectivity model:

## Estimate Std. Error z value Pr(>|z|)

## (Intercept) -11.65570 0.64953 -17.95 <2e-16 ***

## Length 0.35000 0.01549 22.60 <2e-16 ***

## ---

## Signif. codes: 0 �***� 0.001 �**� 0.01 �*� 0.05 �.� 0.1 � � 1

##

## Size at retention probability:

## p Lp.Est Lp.Std.Err

## 1 0.25 32.98060 0.05570708

## 2 0.50 35.54755 0.07331880

## 3 0.75 38.38777 0.15044341

##

## Selectivity range (SR):

## Estimate Std. Error

## 5.4071721 0.1568771

Predictions
To see how the model fits the data, in addition to residuals as above, it helps to plot observations and
predictions together. This could be done to examine any of the models above. We could have compared them
using log-likelihoods or information criteria, but we’ll demonstrate how to do that in the next section.
newdata = expand.grid(Length=unique(coverhaddock_120low$Length),

total=1,

haul=NA,

qratio=1)
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newdata$prop = predict(mod_base, newdata=newdata, type="response")

For plotting observations, we need to aggregate the hauls and raise the data by the raising factor. The raised
data is only used for plotting, not for statistical analyses.
sumdat_base = ddply(coverhaddock_120low, ~Length, summarize,

prop = sum(codend)/sum(total),

total = sum(total),

raised_prop = sum(codend * cod_rf)/
sum(codend * cod_rf + cover* cov_rf),

raised_total=sum(codend * cod_rf + cover* cov_rf)

)

ggplot(sumdat_base, aes(Length, prop))+
geom_point(aes(size=total, y=raised_prop))+
geom_line(data=newdata)+
ylab("retention probability")
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Confidence intervals by bootstrapping
Following the method of Millar (1994) the bootstrapping function bootSel resamples hauls, then resamples
fish within hauls, fits the model to the resampled data, then applies a function FUN to each fitted model.
In the code below, we define FUN to make predictions from each fitted model onto newdata. The type of
predictions we want in this case are the retention probabilities, i.e. the estimated selection curve, so we specify
type="selection". To read about the predict function, type ?predict.selfisher in the R console.
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Mac and Linux bootstrapping in parallel

bs = bootSel(mod_base, nsim=1000, parallel="multicore", ncpus=4,

FUN=function(mod){predict(mod, newdata=newdata, type="selection")})

Windows bootstrapping in parallel

ncpus = 4

cl = makeCluster(rep("localhost", ncpus))

clusterExport(cl, "newdata")

bs = bootSel(mod_base, nsim=1000, parallel = "snow", cl=cl,

FUN=function(mod){predict(mod, newdata=newdata, type="selection")})

stopCluster(cl)

Then we calculate quantiles across bootstraps for each row of newdata.
quants = apply(bs$t, 2, quantile, c(0.025, 0.5, 0.975))

newdata[,c("lo", "mid", "hi")] = t(quants)

ggplot(sumdat_base, aes(Length, prop))+geom_point(aes(size=total, y=raised_prop))+
geom_line(data=newdata)+
geom_ribbon(data=newdata, aes(ymin=lo, ymax=hi), alpha=0.2)+
ylab("Retention probability")
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All four codends in one model
We can analyze the data from all gear types together and test if the gear type a�ects selectivity by comparing
models of varying complexity. If we want to use models directly (i.e. before bootstrapping) for testing
the significance of a variable, we need to account for variability among hauls and avoid pseudoreplication
(Hurlbert 1984) by including a random e�ect of haul. The random e�ect is only needed when models are used
directly for hypothesis testing e.g. here, to test our hypothesis that the gear types di�er in their selectivity.
mod0 = selfisher(prop~ Length +(1|haul), qratio=qratio, total=total, coverhaddock)

mod1 = selfisher(prop~ Length * gear +(1|haul), qratio=qratio, total=total, coverhaddock)

BICtab(mod0, mod1)

## dBIC df

## mod1 0.0 9

## mod0 16.8 3

We use the Bayesian information criterion (BIC) to choose the best fit and this table tells us that mod1 is
more parsimonious, which means that the 4 codends are somehow di�erent. To explore which aspect of
the gears made them di�erent, we examine models with mesh size, twine bending sti�ness and catch size.
Further, we assume that Baranov’s Principle Of Geometric Similarity applies, i.e. selectivity is a function of
fish length scaled by mesh size. It could also be reasonable to fit models with a main e�ect of mesh size and
length in addition to an interaction term, but we do not attempt to fit all possible models here and leave it
to users to decide what applies to their particular study.
mod_all = selfisher(prop ~ Length + (1|haul),

qratio=qratio, total=total, haul=haul, data=coverhaddock)

mod_all_c = selfisher(prop ~ Length + catch + (1|haul),

qratio=qratio, total=total, haul=haul, data=coverhaddock)

mod_all_s = selfisher(prop ~ Length + stiffness + (1|haul),

qratio=qratio, total=total, haul=haul, data=coverhaddock)

mod_all_m = selfisher(prop ~ I(Length/mesh) + (1|haul),

qratio=qratio, total=total, haul=haul, data=coverhaddock)

mod_all_c_s = selfisher(prop ~ Length + catch + stiffness + (1|haul),

qratio=qratio, total=total, haul=haul, data=coverhaddock)

mod_all_c_m = selfisher(prop ~ I(Length/mesh) + catch + (1|haul),

qratio=qratio, total=total, haul=haul, data=coverhaddock)

mod_all_s_m = selfisher(prop ~ I(Length/mesh) + stiffness + (1|haul),

qratio=qratio, total=total, haul=haul, data=coverhaddock)

mod_all_c_s_m = selfisher(prop ~ I(Length/mesh) + catch + stiffness + (1|haul),

qratio=qratio, total=total, haul=haul, data=coverhaddock)

BICtab(mod_all, mod_all_c, mod_all_s, mod_all_m, mod_all_c_s, mod_all_c_m, mod_all_s_m,

mod_all_c_s_m)

## dBIC df

## mod_all_c_s_m 0.0 5

## mod_all_s 3.6 4

## mod_all_s_m 9.4 4
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## mod_all_c_s 10.4 5

## mod_all 17.6 3

## mod_all_c 23.4 4

## mod_all_m 24.9 3

## mod_all_c_m 29.5 4

Again we use BIC to choose the best fit and this table tells us that the model that contains mesh size, twine
bending sti�ness and catch size is the most parsimonious fit to the data.

Bootstrapping
We drop the random e�ect of haul from the most parsimonious model before bootstrapping for two reasons
(1) the bootstrapping method resamples among and within hauls and thereby accounts for variation among
hauls, and (2) random e�ects make model fitting much slower which can be burdensome when refitting the
model 1000 times or more.
mod_all_c_s_m_FE = selfisher(prop ~ I(Length/mesh) + catch + stiffness,

qratio=qratio, total=total, haul=haul, data=coverhaddock)

Then we create a new data set to use for predictions. It must include all variables that appear in the model.
Even though haul is not used in the mathematics behind the predictions, it must be included in the new data
for technical reasons. We include gear just because it makes it easy to organize and plot the data further
down. For each gear, we will make predictions over the range of catch weights observed for that gear.
newdata_v2 = unique(coverhaddock[,c("Length", "stiffness", "mesh", "gear", "catch")])

newdata_v2 = transform(newdata_v2,

qratio=1,

total=1,

haul=NA)

Windows bootstrapping code

ncpus = 4

cl = makeCluster(rep("localhost", ncpus))

clusterExport(cl, "newdata")

bs = bootSel(mod_all_c_s_m_FE, nsim=1000, parallel = "snow", cl=cl,

FUN=function(x){predict(x, newdata= newdata_v2, type="selection")})

stopCluster(cl)

Mac and linux bootstrapping code

bs= bootSel(mod_all_c_s_m_FE, nsim=1000, parallel = "multicore", ncpus = 4,

FUN=function(x){predict(x, newdata= newdata_v2, type="selection")})

Organize bootstrap predictions with the predictor variables

Then we organize the bootstrap results and join them with the newdata used for predictions.
quants = apply(bs$t, 2, quantile, c(0.025, 0.5, 0.975))

newdata_v2[,c("lo", "mid", "hi")]=t(quants)

#all the bootstrap predictions with the variables used to create them
newdata_v3 = cbind(newdata_v2[,c("Length", "gear", "mesh", "stiffness", "catch")], t(bs$t))
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#put them in long format (i.e. separate the different bootstrap replicates)
newdata_v3 = melt(newdata_v3, id.vars=1:5)

names(newdata_v3)[6:7] = c("rep", "predicted_r")

Calculate l50 and SR from bootstraps
Here we define a function to evaluate the length at which a given proportion of fish (p) are retained using
interploation.We use this function to find the l50 and SR for each bootstrap while varying over mesh size,
twine bending sti�ness and catch size and subsequently find the mean l50, mean SR and their 95% confidence
limits. We plot the results against catch size, which is how they were presented in the original analysis of
O’Neill et al (2016).
# Function to interpolate lengths - assumes y strictly increases with x
findx=function(x,y,p=0.5) {

n=1:length(x)

lo.obs=sum(y<p)

hi.obs=lo.obs+1

delta=(p-y[lo.obs])/(y[hi.obs]-y[lo.obs])

x[lo.obs]+delta*(x[hi.obs]-x[lo.obs])

}

#find l50 and SR for each bootstrap, still varying by gear characteristics and catch
sums0 = ddply(newdata_v3, ~gear + mesh + stiffness + catch + rep,

summarize, SR = findx(Length, predicted_r, 0.75) - findx(Length, predicted_r , 0.25),

l50 = findx(Length, predicted_r, 0.5)

)

#summarize over bootstraps, but still varying by gear characteristics and catch
sums1 = ddply(sums0, ~gear + mesh + stiffness + catch , summarize,

l50_lo=quantile(l50, 0.025),

l50_mid=quantile(l50, 0.5),

l50_hi=quantile(l50, 0.975),

SR_lo=quantile(SR, 0.025),

SR_mid=quantile(SR, 0.5),

SR_hi=quantile(SR, 0.975)

)

ggplot(sums1, aes(x=catch, group=gear))+
geom_line(aes(y=l50_mid, lty=gear))+
geom_ribbon(aes(ymin=l50_lo, ymax=l50_hi), alpha=0.1)+
ylab(expression(l[50]))
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ggplot(sums1, aes(x=catch, group=gear))+
geom_line(aes(y=SR_mid, lty=gear))+
geom_ribbon(aes(ymin=SR_lo, ymax=SR_hi), alpha=0.1)+
ylab("SR")
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The plots presented here are very comparable to Fig 1 from the original manuscript, which finds a similar
dependence of haddock l50 on mesh size, twine bending sti�ness and total codend catch weight but finds that
SR is a constant (O’Neill et al., 2016). We should not, however, expect the results to be identical as there
are many di�erences between the analyses. In the original, it was assumed that the slope and intercept of the
logistic link functions vary randomly from haul to haul and that l50 and log SR mean selection curve were
linearly dependent on the explanatory variables. Whereas, here we have assumed geometric similarity and
that overall retention is related to the explanatory variables.

Below we plot retention curves for each gear aggregated over catches.
sumdat = ddply(coverhaddock, ~Length+gear, summarize,

prop=sum(codend)/sum(total), total=sum(total),

raised_prop=sum(codend * cod_rf)/sum(codend * cod_rf + cover* cov_rf),

raised_total=sum(codend * cod_rf + cover* cov_rf)

)

newdata_v4 = ddply(newdata_v3,~Length + gear + mesh + stiffness , summarize,

lo = quantile(predicted_r, 0.025),

mid = quantile(predicted_r, 0.5),

hi = quantile(predicted_r, 0.975)

)

ggplot(sumdat, aes(colour=gear))+geom_point(aes(size=total, x=Length, y=raised_prop))+
geom_line(data=newdata_v4, aes(x=Length, y=mid))+
geom_ribbon(data=newdata_v4, aes(x=Length, ymin=lo, ymax=hi, fill=gear), alpha=0.2)+

ylab("retention probability")

11

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.421362doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.421362
http://creativecommons.org/licenses/by-nc-nd/4.0/


0.00

0.25

0.50

0.75

1.00

10 20 30 40 50
Length

re
te

nt
io

n 
pr

ob
ab

ilit
y

total
500

1000

1500

gear
120high

120low

120med

130med

References
Hartig F. (2020). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression Models.
R package version 0.2.7. https://CRAN.R-project.org/package=DHARMa

Hurlbert S.H. (1984) Pseudoreplication and the design of ecological field experiments. Ecol. Monogr.
54:187–211.

O’Neill F.G., Kynoch R.J., Blackadder L., Fryer, R.J., Eryasar A.R., Notti, E., and Sala A., 2016. The
influence of twine tenacity, thickness and bending sti�ness on codend selectivity. Fisheries Research. 76,
94-99.

Millar R.B. (1994) Sampling from trawl gears used in sized selectivity experiments, ICES Journal of Marine
Science, 51:293–298, https://doi.org/10.1006/jmsc.1994.1030

12

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.421362doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.421362
http://creativecommons.org/licenses/by-nc-nd/4.0/


Appendix 2: Paired gear analysis of codend selectivity dependent
on mesh size

12 Nov 2020

Case study background
This example deals with brown shrimp selectivity data from Santos et al. (2018). The brown shrimp
beam-trawl fishery is one of the most important fisheries in the Southern North Sea. Despite its
relevance, this is also one of the least regulated fisheries in European waters. Concerns regarding
the size selection of the fishery motivated the German research project CRANNET (2013-2015),
which assessed brown shrimp size selection of commercially used and alternative codend designs.
Codend selectivity data was collected during experimental fishing trials using the paired gear method
(Millar and Walsh, 1992; Wileman, 1996). The experimental method consisted of fishing with two
identical beam trawls, simultaneously and in parallel on the same shrimp population. One of the
trawls mounted a small-mesh (11 mm) control codend with very limited selectivity (assumed to be
non-selective) on the range of shrimp lengths available for the trawl. The second trawl mounted,
one at a time, a total of 33 di�erent test codend designs varying in mesh size and mesh type were
tested.

This case study draws on a subset of the CRANNET data to demonstrate the use and functionality
of selfisher in selectivity analysis based on paired gear data. It uses a subset of the catch data,
the 87 hauls during which 13 diamond-mesh codends varying in mesh size (ranging from 19.1 mm to
36.3 mm) were tested. Additional information relative to fishing conditions and catch characteristics
were recorded at haul level.

Preliminaries

library(selfisher)
library(xtable)
library(bbmle)
library(ggplot2); theme_set(theme_bw())

Data structure
We can read in the data that is distributed with the package and examine it.
data(pairedshrimp)
head(pairedshrimp)

## length ms cw seast test control sampling_test sampling_control haul
## 1 23 20.188 12.074 4 0 1 0.232 0.182 1
## 2 24 20.188 12.074 4 1 1 0.232 0.182 1

1

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.421362doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.421362
http://creativecommons.org/licenses/by-nc-nd/4.0/


## 3 26 20.188 12.074 4 0 1 0.232 0.182 1
## 4 28 20.188 12.074 4 0 2 0.232 0.182 1
## 5 29 20.188 12.074 4 0 3 0.232 0.182 1
## 6 30 20.188 12.074 4 2 1 0.232 0.182 1

Here we can see the column names of the data. There is a column for haul because multiple hauls
h, i = 1, 2, . . . , 87 are contained in the same data object. Therefore the information presented in the
remaining columns was collected at haul level. The column length contains observed (total) length
classes l of brown shrimp (mm), ms contains the measured mesh size (mm) of the test codend, cw
is the total catch weight (kg) collected in the test codend, seast is the state of the sea recorded
during towing (Beaufort scale). Columns test and control contain the numbers of shrimps of
length l sampled from each of the paired codends, while sampling_test and sampling_control
are the associated sampling fractions.

Data transformation
In selfisher, it is necessary to model the binomial response as a proportion and total because
unlike many other methods for binomial GLMs, the underlying code does not accept a two column
response variable. Therefore, we transform the data to create these new columns. We also create a
column for qratio (i.e. qh below) which is the ratio of the sampling fraction of the test over the
control gear. If the data contained raising factors instead, then qratio would be the raising factor
of the control gear over the test gear.
pairedshrimp = transform(pairedshrimp, total = test + control,

qratio = sampling_test / sampling_control,
prop = test / ( test + control )

)

Selectivity analysis
The selectivity analysis based on paired gear data is usually done with the model introduced by
Millar and Walsh (1992):

„(l) = p ú r(l)
(1.0 ≠ p) + p ú r(l)

In the equation above, „(l) expresses the probability that a shrimp of length l in the total catch of
the paired gear was caught by the test gear. This probability is related to a sequence of two fishing
events. The first event is controlled by the probability that a shrimp entering the paired gear did it
through the test trawl (relative fishing power), expressed as the length-independent split parameter
p. Conditioned on the probability of entering the test trawl, the second event is the length-dependent
retention probability of the test codend r(l). Retention probability is usually (but not exclusively)
modelled with the logistic function, and summarized by two selectivity parameters L50 (length of
50% retention probability) and SR (di�erence in the lengths of 75% and 25% retention). Further
details of this model and extensions involving alternatives to the logistic function can be found in
Millar and Walsh (1992) and Wileman (1996).

In Santos et al. (2018), the e�ect of codend design as well as other variables describing catch
and operational characteristics of the hauls were assessed using the so-called Fryer method (Fryer,
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1991). The Fryer method is carried out in two steps. In the first step the parameters l50, SR, p
and associated Hessian-based covariance-variance matrix of individual hauls are estimated. The
estimates become the data used in the second step, where the e�ect of the measured explanatory
variables (fixed e�ects) on codend selectivty is estimatated. Such estimations are obtained using
the EM-algorithm, which allows quantifying the strength of the fixed e�ects in the presence of
between-haul variation.

The Fryer method was developed at a time before suitable generalized mixed modeling software such
as selfisher was available. The Fryer method su�ers from small sample bias in the fits to individual
haul data. In contrast, selfisher enables quantifying and testing the e�ect of explanatory variables
in a single step and directly on the measured catch data.

The methods in selfisher generalize the original selectivity model introduced by Millar and Walsh
(1992), by allowing multiple fixed and random e�ects to simultaneously model relative fishing
e�ciency and the selectivity of the test codend:

„h,l = qhphrh,l

(1.0 ≠ ph) + qhphrh,l

In the equation above, qh = st,h

sc,h
is the ratio of the fraction of brown shrimp sampled in the test gear

to the fraction sampled in the control gear, ph is the relative fishing power of the test gear in haul h
(split parameter), where ph = logit≠1(µ + uh) and uh is a random e�ect uh ≥ N(0, ‡2

u) accounting
for haul-specific random variation from the mean value on the logit scale µ. For simplicity in this
example, we assume a logit link in the retention model and therefore the retention probability
model for haul h and length l is rh,l = logit≠1(yh,l) = exp(yh,l)

1+exp(yh,l)). This expresses the haul-specific
probability for a fish entering in the test gear to be retained where yh,l is the expectation on the
link scale combining fixed- and random-e�ects potentially influencing retention probability of the
test codend. Four models varying in the structure of yh,l are initially considered:

model 1 : yh,l = —0 + ah + (—1 + ·h) ú l
model 2 : yh,l = —0 + ah + (—1 + ·h) ú l + —2 ú msh

model 3 : yh,l = —0 + ah + (—1 + ·h) ú l + —2 ú msh + —3 ú l ú msh

model 4 : yh,l = —0 + ah + (—1 + ·h) ú l/msh

All models listed above include an intercept —0 which expresses the baseline shrimp retention
log-odds when all additional covariates (including shrimp length) are set to 0. The coe�cient ah is
a random e�ect ah ≥ N(0, ‡2

a) accounting for haul-specific random variation of the intercept. Model
1 assumes that codend retention can be exclusively described by shrimp length. In models 1, 2, and
3, —1 is the slope quantifying the rate of increment in retention probability (on the link scale) due
to increments in the length of shrimp. The slope of size selection curves can vary significantly and
randomly between hauls, even while keeping the design characteristics of the codend constant (Fryer,
1991). The coe�cient ·h ≥ N(0, ‡2

· ) is introduced to account for haul-specific random variation of
the baseline —1 value. Model 2 extends model 1 by adding mesh size (ms) as a fixed e�ect that
varies by haul: msh. Model 2 assumes that retention probability is a result of separate e�ects of
shrimp length and mesh size. With the addition of an interaction term of mesh size and shrimp
length (—3), in model 3 it is assumed that mesh size influences both the position and slope of the
size selection curve.
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The tested diamond-mesh codends were made of the same netting material, same length, and
the number of meshes in circumference were reduced proportionally to increments in mesh size.
Therefore, we assume that the meshes of the tested codends present the same geometry during
fishing. Based on the principle of geometrical similarity (Baranov, 1948; Millar and Holst, 1997;
Revill and Holst, 2004) it would be a reasonable a priori assumption that the selection curves will
vary systematically with mesh size. Model 4 is built upon the hypothesis that variation in size
selection can be explained by the principle of geometrical similarity, implying that the size selection
varies proportionally to mesh size (i.e. doubling the mesh size implies doubling the values of l50 and
SR of the selection curve)(Millar and Holst, 1997).

Model fitting with selfisher
In this section, the models described above are fit using a function named selfisher within the
selfisher package. Formulas in these models follow the convention of the lme4 and glmmTMB
packages. The function takes a formula for the retention model rformula as the first argument.
This is a two sided model with the proportion on the left side and fixed and random e�ects on the
right side. For example, in model 1 (m1) below, prop ~ length + ( length | haul ) says that
the proportion (prop) of fish retained in the test gear depends on length and that the intercept
and slope vary randomly by haul. It also takes an argument for the relative fishing power model
(pformula) which is a one-sided formula, e.g. pformula =~( 1 | haul ); this says that relative
fishing power should be estimated and can vary randomly by haul. If instead, we wanted to fix the
split at 0.5, then we could specify pformula =~0. To tell the funciton that this is a paired gear
model with one non-selective gear, we use the argument psplit = TRUE. The function also takes as
arguments the names of the columns for the total and qratio within the data frame specified by
the argument data.

One optional argument appears in this example: the start argument. It tells the function what
starting values to use in maximum likelihood estimation. See ?selfisher for the full flexibility of
how to specify starting values, but here we only give starting values for the retention model. To get
good starting values for the retention model’s intercept (—0 above) and coe�cient on length (—1
in models 1, 2, and 3 above), we use the inits function which takes guesses for l50 and SR as its
arguments (30 and 8 respectively here). The coe�cient —1 has a di�erent meaning in model 4, but
the starting values work as supported by plots below, so it’s not a problem. Models fit with TMB
(as in selfisher) are usually robust to starting values, but due to the complexity of paired gear
models, they sometimes get stuck in local minima during maximum likelihood estimation. In this
case study, the length of the start vector must equal the number of fixed e�ects coe�cients in the
retention model, i.e. the —s in the equations above, so in m2 and m3 we combine guesses for —0 and
—1 with zeros for the other coe�cients

As described above, model 4 (m4) assumes geometric similarity. To include length/ms in a model
in R, it is necessary to tell the formula interface to use the term “as is” by putting an I() around it.
m1 = selfisher( prop ~ length + ( length | haul ),

total = total, psplit = TRUE, pformula =~( 1 | haul ),
qratio = qratio, data = pairedshrimp, start = c(inits(30,8))
)

m2 = selfisher( prop ~ length + ms + ( length | haul ),
total = total, psplit = TRUE, pformula =~( 1 | haul ),
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qratio = qratio, data = pairedshrimp, start = c(inits(30,8),0)
)

m3 = selfisher( prop ~ length * ms + ( length | haul ),
total = total, psplit = TRUE, pformula =~( 1 | haul ),
qratio = qratio, data = pairedshrimp, start = c(inits(30,8),0,0)
)

m4 = selfisher( prop ~ I( length/ms ) + ( I( length/ms ) | haul ),
total = total, psplit = TRUE, pformula =~( 1 | haul ),
qratio = qratio, data = pairedshrimp, start = c(inits(30,8))
)

Model selection
Retention is a mechanical process that can be largely explained by the relationship between the
mesh characteristics and the morphology of the species being selected. Of the above models, model
4 is the only one that has a mechanistic justification, namely geometric similarity. In terms of
model selection we a priori propose model 4, taking the view that strong evidence against model
4 is required to prefer an alternative. There are several thousand observations in the data, and
consequently Akaike Information Criterion will tend to choose the most complicated model (Heinze
et al., 2018). In contrast, the Bayesian Information Criterion, BIC, includes a stronger penalty for
the number of parameters than AIC and therefore it tends to select simpler models than AIC. We
can use functions from the bbmle package to create either an AIC or BIC table of the models.
AICtab(m1, m2, m3, m4)

## dAIC df
## m4 0.0 7
## m3 0.2 9
## m2 7.5 8
## m1 96.6 7
BICtab(m1, m2, m3, m4)

## dBIC df
## m4 0.0 7
## m3 13.1 9
## m2 13.9 8
## m1 96.6 7

Both AIC and BIC rank model 4 on top, as was the a priori expectation.

Extended models
Model 4 is now extended by adding other covariates in the data frame that could potentially influence
size selection, such as cw and seast. The following models are fitted following the same procedure
as for models 1 to 4:
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m5 = selfisher( prop ~ I( length/ms )+ cw + ( I( length/ms ) | haul ),
total = total, psplit = TRUE, pformula =~( 1 | haul ),
qratio= qratio, data = pairedshrimp, start = c(inits(30,8),0)
)

m6 = selfisher( prop ~ I( length/ms ) + seast + ( I( length/ms ) | haul ),
total = total, psplit = TRUE, pformula =~( 1 | haul ),
qratio= qratio, data = pairedshrimp, start = c(inits(30,8),0)
)

m7 = selfisher( prop ~ I( length/ms ) + cw + seast + ( I( length/ms ) | haul ),
total = total, psplit = TRUE, pformula =~( 1 | haul ),
qratio = qratio, data = pairedshrimp, start = c(inits(30,8),0,0)
)

m8 = selfisher( prop ~ I( length/ms ) + cw * seast +( I( length/ms ) | haul ),
total = total, psplit=TRUE, pformula =~( 1 | haul ),
qratio = qratio, data = pairedshrimp, start = c(inits(30,8),0,0,0)
)

Then we can compare all the models.
BICtab(m1, m2, m3, m4, m5, m6, m7, m8)

## dBIC df
## m4 0.0 7
## m5 2.4 8
## m6 8.3 8
## m7 8.6 9
## m8 13.0 10
## m3 13.1 9
## m2 13.9 8
## m1 96.6 7

This table shows that none of the individual or combined e�ects associated with cw and seast were
strong enough to be included in the most parsimonious model. Therefore model 4 is selected in this
case study for further assessments.

Simple results
Consistent with other model procedures implemented in R, a summary of model results and fit
statistics can be obtained via summary(model.object). Before inspecting the size selectivity results
provided by model 4, the estimated relative fishing e�ciency of the test gear is presented. By
default, selfisher() summary shows the estimated split parameter p on the logit scale, but this
might be updated in a new version. An inverse logit transformation is needed to obtain the fishing
power p œ [0, 1]:
round(boot::inv.logit(confint(m4, level=0.95, component="p")[1,c( 1, 3, 2 )]),3)

## 2.5 % Estimate 97.5 %
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## 0.484 0.503 0.522

The split parameter estimated by model 4 is p = 0.503 with 95% confidence interval (0.484 ≠ 0.522),
very close to the value estimated in the original study (p = 0.492 (0.472 ≠ 0.512)). This includes the
reference value of 0.5, from which we conclude that there is no significant evidence against equal
catch e�ciency of the test and control gears.

Goodness-of-fit
The mixed models presented above are fitted at haul level. Therefore it is reasonable to assess the
goodness-of-fit of these models on individual haul data. Due to the large dataset used, a random
sample of 12 hauls are picked to demonstrate how well the „(l) curves estimated by model 4 fit to the
data. We can use the function predict to examine the estimated retention curve, ie. the model’s
“response” variable. See ?predict.selfisher for details of how to use this function including the
di�erent types of predictions available.
pairedshrimp$hat_phi = predict( m4, type = "response" )

set.seed( 999 )

ggplot(pairedshrimp[pairedshrimp$haul%in%sample(unique(pairedshrimp$haul),12),],
aes(x=length,y=prop))+
ylab( eval( parse( text = paste0("expression(","phi", "(l))") ) ) )+
xlab( "Shrimp length (mm)" )+
xlim( 20, 80 )+
geom_point( alpha = .7, size = 0.3 )+
geom_line( aes( x = length, y = hat_phi ) )+
facet_wrap( ~ haul, ncol = 4, nrow = 3)+
theme_bw()
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The figure above reveals that the fitted „(l) curves describe well the trends and variability of the
data at individual haul level.

Population-average predictions
Mixed modelling is a formal procedure that takes into account specific details of the data collection
enabling sound hypothesis testing on fixed e�ects and model selection. However, fitting mixed
models can be a computational-intensive task. Moreover, the researcher is also typically interested
in obtaining average selectivity predictions, as these are relevant to the selectivity applied to the
fishery. It is therefore recommended to refit the best candidate model leaving out the random
e�ects. Bootstrapping can then be used to obtain valid standard errors and confidence intervals for
estimated quantities such as l50 and SR.
m4_fe = selfisher( prop ~ I( length/ms ), total = total,

psplit = TRUE, pformula =~1, haul = haul,
qratio = qratio, data = pairedshrimp, start = c( inits( 30, 8 ) ) )

A summary of model coe�cients describing codend retention can be obtained using standard
procedures in R
coef( summary( m4_fe ) )$r

## Estimate Std. Error z value Pr(>|z|)
## (Intercept) -9.231103 0.09420144 -97.99322 0
## I(length/ms) 5.143515 0.06443302 79.82732 0
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Bootstrapping to get confidence intervals on population-average l50 and SR

Selectivity statistics l50 and SR are often obtained by simple calculations involving model coe�cients
—0 and —1, or for simple models in selfisher, the function L50SR(model.object) can calculate
them. However, standard calculations need to be updated when using multiple fixed e�ects to
describe codend retention. Details on how to calculate l50 and SR from the models considered in
this case study can be found in Table 1 below.

To obtain a bootstrap distribution of the selectivity parameters estimated by model 4, first we
generate a bootstrap distribution of model coe�cients using bootSel(), as follows. The bootSel()
function applies the user-defined function FUN to each refit model; here we define FUN so that it
returns the fixed e�ect (fixef) coe�cients of the retention model ($r). This is the code to perform
the computations in parallel on Linux or Mac computers, but see the other case studies for how to
do it in Windows.
bootpars_m4_fe = bootSel( m4_fe, nsim = 1000,

parallel = "multicore", ncpus = 4,
FUN = function( x ){fixef( x )$r }

)

Selectivity statistics l50 and SR are then calculated from each set of coe�cients in the bootstrap
distribution generated above. Finally, the resulting bootstrap distribution is used to obtain 95%
percentile confidence intervals of l50 and SR.
# extract boostrap distribution from bootSel object
bootpars = bootpars_m4_fe$t

# create a grid of mesh sizes within the experimental range for predictions
ms = seq( from = 20, to = 35, by = .5 )

# calculate bootstrap distribution of l50 based on model coefficients
## l50 = -m * beta_0 / beta_1 (see table 3)
L50_boot = apply( bootpars, 1, function( x ){ -ms * x[1] / x[2] } )

# get Efron confidence intervals for l50
L50_ci = t( apply( L50_boot, 1, quantile, c ( 0.025, 0.5, 0.975 ) ) )

# create a data frame for plotting
L50_df = data.frame( mesh_size = ms )

L50_df [, c("lower_limit", "median", "upper_limit" )] = L50_ci

# calculate bootstrap distribution of SR based on model coefficients
## SR = m*log(9) / beta_1 (see table 3)
SR_boot = apply( bootpars, 1, function( x ){ ms * log(9) / x[2] } )

# get Efron confidence intervals for SR
SR_ci = t( apply( SR_boot, 1, quantile, c( 0.025, 0.5, 0.975 ) ) )

# create a data frame for plotting SR

9
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SR_df = data.frame( mesh_size = ms )

SR_df[, c( "lower_limit", "median", "upper_limit" )] = SR_ci

The following figure compares the predictions of l50 and SR estimated by model 4, with those from
Santos et al. (2018). The black points in the figure represent values of l50 and SR estimated at
haul level, and used in the original study as input data. Average predictions for l50 and estimation
uncertainty (expressed in the amplitude of the confidence band) by model 4 are equivalent to those
from the original study. Model 4 predicted higher values of SR , with larger uncertainty than
Santos et al. (2018). This is a plausible result considering the di�erent model structures applied,
and the large variation of the by-haul estimates. Moreover, there is not statistical evidence to reject
the possibility that the true value of SR could fall within the continue region of confidence bands
overlap.
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Santos et al. 2018
selfisher

model l50 SR
1 ≠–

—1
log(9)

—1

2 ≠(–+—2úms)
—1

log(9)
—1

3 ≠(–+—2úms)
—1+—3úms

log(9)
—1+—3úms

4 ≠–úms
—1

log(9)úms
—1

5-8 ≠(–+
qp

i=2 —iúxi)úms
—1

log(9)úms
—1

Table 1: Calculations to obtain selectivity parameters from population-average models 1-8 (fitted
leaving out the random e�ects). Note that the last row for models 5-8 is the extension of model 4
to include additional covariates xi, i = 2, ..., p.
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Appendix 3: Catch comparison on unpaired hauls

07 Dec 2020

This example deals with data from an experiment originally published by Savina et al. (2017). Two soak
tactics, i.e., 12h at day and 12h at night, were compared in the Danish gillnet plaice fishery to estimate
whether a change in soak tactics could help to catch less of the unwanted bycatch, i.e., the invertebrate
edible crab (Cancer pagurus). The method developed by Herrmann et al. (2017) for assessing the relative
length-dependent catch e�ciency e�ect of changing from soak tactic Day to Night was used. This example is
representative of experimental fishing where the catch data obtained for two di�erent gear designs were not
collected in pairs, and can allow for a di�erent number of deployments.

Preliminaries
library(selfisher)

library(plyr) # for aggregating data across hauls
library(ggplot2); theme_set(theme_bw())

library(splines) # for bs function

Data structure
Load the data and check out the variables. This is a subset of the original dataset (one species, two soak
durations). The data contains the length measurement of each individual to the nearest mm below (carapace
width), as specified in the column “width”. Every day for 7 days (I to VII), three fleets (each consisting of
three gillnets tied together, and labelled A, B and C) were soaked for 12 h during the day (Day) and three
others during the night (Night). Each deployment of a fleet is considered as a “haul” (with haul name written
as Day_Soak_Fleet). Gear unit design is the soak tactic, specified in the column “tactic”, with two levels:
12h at day (Day) and 12h at night (Night). “total” gives the number of individuals for each length class and
haul. There was no sub-sampling.
data("compcrab")

head(compcrab)

## # A tibble: 6 x 4

## width haul tactic total

## <dbl> <fct> <fct> <int>

## 1 58.5 VII_Night_B Night 1

## 2 63.5 VI_Night_B Night 1

## 3 64.5 I_Night_B Night 1

## 4 66.5 VII_Day_A Day 1

## 5 69.5 VII_Night_B Night 1

## 6 70.5 VI_Night_B Night 1

summary(compcrab)

## width haul tactic total

## Min. : 58.5 VII_Night_A: 49 Day :117 Min. :1.000

## 1st Qu.: 99.5 VI_Night_B : 38 Night:446 1st Qu.:1.000

## Median :115.5 V_Night_B : 34 Median :1.000
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## Mean :117.2 VII_Night_B: 33 Mean :1.181

## 3rd Qu.:133.5 V_Night_A : 28 3rd Qu.:1.000

## Max. :197.5 I_Night_B : 27 Max. :5.000

## (Other) :354

Here we can see that all hauls are contained in one data frame, organized into what is called “long format”,
with Day and Night one after the other (unpaired).

Transforming data
For a model in selfisher, we need to convert counts into proportions and totals. We use the ‘ddply’ function
to calculate the proportion of fish entering one of the gear design (here Night) for each length class and haul,
i.e., 1 for Night and 0 for Day.
dat = ddply(compcrab, ~width+haul+tactic, mutate,

prop = as.numeric(tactic == "Night")

)

Catch comparison
The following is a typical model for catch comparison of multiple haul data without subsampling using spline
with the bs function.
mod = selfisher(prop ~ bs(width, df = 3), total = total, haul = haul, pool = tactic, data = dat)

This models the proportion of fish in Night versus Day (prop) as a function of width. The selfisher

function takes the total number of fish in Day and Night using a separate argument, total. The argument
haul needs to be specified in order to perform double-bootstrapping as demonstrated below. Otherwise, it
could be omited from the model specification as it doesn’t a�ect the fit. The haul argument tells the software
how to group the data for resampling in the bootstrapping procedure. pool represents the di�erent pools of
hauls, i.e., one for each soak tactic, that is used in double bootstrap to produce same number of hauls by
pool. Indeed, because the catch data obtained for Day and Night were not collected in pairs (and may not
have the same total number of deployments), we sum data of the deployments carried out with Day, and
data of the deployments carried out with Night.
Then we create a new data set to make predictions on.
newdata = expand.grid(width = unique(dat$width),

total = 1,

haul = 0,

tactic = NA) #not used as a predictor, so it doesn�t matter

newdata$prop = predict(mod, newdata = newdata, type = "response")

Bootstrap to get CI on predictions
The code below runs in parallel on Mac and Linux computers as written here, but a Windows version was
given above. This call to the function bootSel predicts the response variable based on the model mod and the
covariates in newdata. Then we calculate the quantiles of the bootstrapped response variable, and transform
the proportion into a catch ratio.
bs = bootSel(mod, nsim = 100, parallel = "multicore", ncpus = 4,

FUN = function(mod){predict(mod, newdata = newdata, type = "response")})

quants = apply(bs$t, 2, quantile, c(0.025, 0.5, 0.975))

newdata[,c("lo", "mid", "hi")] = t(quants)
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bs$CR = bs$t/(1-bs$t)

CRquants = apply(bs$CR, 2, quantile, c(0.025, 0.5, 0.975))

newdata[,c("CRlo", "CRmid", "CRhi")] = t(CRquants)

Plot predictions
For plotting, we need to aggregate the hauls.
sumdat = ddply(dat, ~width, summarize,

prop = sum(total*prop)/sum(total),

total = sum(total),

CR = sum(prop)/sum(1-prop)

)

ggplot(sumdat, aes(width, prop))+geom_point(aes(size=total))+
geom_line(data = newdata)+
geom_ribbon(data = newdata, aes(ymin = lo, ymax = hi), alpha = 0.2)+

ylab("Catch comparison rate")
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A graphical comparison to the published results in Savina et al. (2017; in red) shows that the estimated catch
comparison curves and relative CIs are very similar.

3

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 12, 2020. ; https://doi.org/10.1101/2020.12.11.421362doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.421362
http://creativecommons.org/licenses/by-nc-nd/4.0/


0.00

0.25

0.50

0.75

1.00

50 100 150 200
Width (cm)

C
at

ch
 c

om
pa

ris
on

 ra
te

total
4

8

12

16

ggplot(sumdat, aes(width, prop/(1-prop))) + geom_point(aes(size = total))+
geom_line(data = newdata)+
geom_ribbon(data = newdata, aes(ymin = CRlo, ymax = CRhi), alpha = 0.2)+
ylab("Catch ratio rate")+
coord_cartesian(ylim = c(0,8))
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The catch comparison curves properly reflected the trend in the experimental points. The experimental rates
were subject to increasing binomial noise outside the length classes representing the main bulk of the catches.
The results for edible crab showed significantly higher catches for 12 h at night compared to 12 h at day.
On average, there were four times more catches for 12 h at night than 12 h at day. There was no strong
indication of a length dependency in the data.
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Appendix 4: Catch comparison analyses of paired hauls of
Nephrops twin-rigged trawls

7 Dec 2020

This example is based on the data from Melli et al. (2018). An anterior gear modification, namely the
counter-herding device FLEXSELECT, was tested in a twin-rig configuration, where two identical bottom
trawls were towed in parallel. One trawl was equipped with FLEXSELECT, while the other worked as
baseline. The aim of the study was to determine if FLEXSELECT could prevent fish species from entering
the trawl in a Nephrops (Nephrops norvegicus) fishery. Data for haddock Melanogrammus aeglefinus were
collected for 21 hauls. Of these, 13 were conducted in day-time and 8 in night-time. In each haul and for
each trawl, the total length (rounded down to the lower centimitre) of all haddock individuals was recorded.

Preliminaries

library(selfisher)

library(plyr) #for aggregating data across hauls
library(ggplot2); theme_set(theme_bw())

library(bbmle) #for AICtab

## Loading required package: stats4

library(stats4)

library(splines)

Data structure
First, we load the data and check out the variables. Here we can see that all the hauls are contained in one
data frame (long format), with each row corresponding to a length class in a given haul. The number of
individuals of that length-class caught in each trawl is reported in the columns TEST1 (test trawl) and TEST2

(baseline trawl). The column TIME classifies the haul as day-time (D) or night-time (N).
data("comphaddock")

head(comphaddock)

## SPECIES HAUL TIME LENGTH TEST1 TEST2

## 1 Had 10 D 5.5 0 0

## 2 Had 10 D 6.5 0 0

## 3 Had 10 D 7.5 0 0

## 4 Had 10 D 8.5 0 0

## 5 Had 10 D 9.5 0 0

## 6 Had 10 D 10.5 0 1

To understand if the test trawl caught significantly fewer individuals of a given length-class than the baseline
trawl we need to perform a catch comparison analysis (Krag et al., 2015). This analysis estimates the
probability of catching an individual of a given length in the test trawl given that it was caught in either
trawl.

In addition, the analysis aims at determining if the length-based e�ciency of FLEXSELECT presents diel
di�erences, as haddock is known to migrate vertically in the water column during the night.
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Transforming data
Before fitting a model in selfisher, the following preparatory steps need to be performed:

1) Convert counts (i.e. number of individuals caught per length-class) to totals, proportions and ratios;
comphaddock = transform(comphaddock,

total = TEST1 + TEST2,

prop = TEST1 / (TEST1+TEST2),

ratio = TEST1 / TEST2

)

This step is required because, unlike with other GLM functions for binomial regression, it is not possible
in selfisher to specify the binomial variable as a two-column response variable, e.g. cbind(N_TEST1,

N_TEST2).

2) Remove eventual length classes where no individuals were caught;
comphaddock = subset(comphaddock, !is.na(prop))

3) Scale the length. This step is necessary for numerical stability, as a model often used for catch
comparison analyses is the polynomial of order four, which requires to raise the length to the 4th power.

comphaddock$sl = scale(comphaddock$LENGTH)

head(comphaddock)

## SPECIES HAUL TIME LENGTH TEST1 TEST2 total prop ratio sl

## 6 Had 10 D 10.5 0 1 1 0.00000000 0.0000000 -1.750253

## 9 Had 10 D 13.5 0 5 5 0.00000000 0.0000000 -1.433650

## 10 Had 10 D 14.5 1 10 11 0.09090909 0.1000000 -1.328116

## 11 Had 10 D 15.5 8 15 23 0.34782609 0.5333333 -1.222581

## 12 Had 10 D 16.5 11 11 22 0.50000000 1.0000000 -1.117047

## 13 Had 10 D 17.5 7 21 28 0.25000000 0.3333333 -1.011513

Model fitting
The following is a typical model for catch comparison data with multiple paired hauls, which models the
proportion of fish in the test versus the baseline trawl (prop) as a function of length (sl). This is epressed in
the selfisher function by a two sided formula with the proportion (prop) on the left side and fixed and
random e�ects on the right side. Formulas in the selfisher package follow the convention of the lme4 and
glmmTMB packages.

Since we are interested in determining if there is a length-dependent di�erence in the e�ciency of the Test
gear between day-time and night-time, we include in the model TIME as an explanatory variable.
m1 = selfisher(prop~(sl+I(sl^2)+I(sl^3)+I(sl^4))*TIME, total = total, comphaddock, haul = HAUL)

In this example all individuals were length-measured (i.e. there was no subsampling). In case of a subsampled
species, an o�set or q-ratio needs to be specified in the model. The selfisher function takes the total

number of fish in the test and baseline using a separate argument, total. The argument haul needs to be
specified in order to perform double-bootstrapping as demonstrated below. Otherwise, it could be omited
from the model specificaiton as it doesn’t a�ect the fit. The haul argument tells the software how to group
the data for resampling in the bootstrapping procedure.

Alternative model
An alternative approach would consist in fitting a spline (Miller, 2013), often preferred to polynomial
interpolation because it yields similar results while avoiding Runge’s phenomenon (i.e. oscillation at the edges
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of the length range represented in the data).
m2 = selfisher(prop~(bs(sl, df=4))*TIME, total = total, comphaddock, haul=HAUL)

m3 = selfisher(prop~(bs(sl, df=5))*TIME, total = total, comphaddock, haul=HAUL)

Model comparison
We can determine which model fits best using the Akaike’s Information Criterion (AIC; Akaike, 1974).
AICtab(m1, m2, m3)

## dAIC df

## m3 0.0 12

## m1 0.4 10

## m2 6.8 10

This tells us that m1 and m3 show equally good fit (0.4 delta AIC units). According to the parsimony rule, we
selected m1 that is a simpler model.

Predictions
To see how the model fits the data, we need to plot observations and predictions together, keeping them
separated by TIME.
dat_D = comphaddock[ which(comphaddock$TIME==�D�), ]

dat_N = comphaddock[ which(comphaddock$TIME==�N�), ]

newdata1 = data.frame(LENGTH = unique(dat_D$LENGTH), TIME = "D")

newdata2 = data.frame(LENGTH = unique(dat_N$LENGTH), TIME = "N")

newdata = rbind(newdata1, newdata2, deparse.level = 1)

newdata = transform(newdata,

sl = (LENGTH-mean(comphaddock$LENGTH))/sqrt(var(comphaddock$LENGTH)),

total = 1,

HAUL = NA

)

newdata$prop = predict(m1, newdata = newdata, type = "response")

Confidence intervals by double-bootstrapping
We then estimate the 95% Efron Confidence intervals (Efron, 1982), by accounting for within- and between-
hauls variation (Millar, 1993). The code below resamples hauls, then resamples fish within hauls, fits the
model to the resampled data, then makes predictions from the model onto newdata. The type of predictions
we want in this case are the catch comparison rates, thus we specify type="response". To read about the
predict function, type ?predict.selfisher in the R console.

Windows bootstrapping in parallel

library(snow)

ncpus = 4

cl = makeCluster(rep("localhost", ncpus))

clusterExport(cl, "newdata")

bs = bootSel(m1, nsim = 1000, parallel = "snow", cl = cl,
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FUN = function(mod){predict(mod, newdata = newdata, type = "response")})

stopCluster(cl)

Code for bootstrapping in Mac and Linux

bs = bootSel(m1, nsim = 1000, parallel = "multicore", ncpus = 4,

FUN = function(mod){predict(mod, newdata = newdata, type = "response")})

Then we calculate quantiles across bootstraps for each row of newdata.
quants = apply(bs$t, 2, quantile, c(0.025, 0.5, 0.975))

newdata[,c("lo", "mid", "hi")] = t(quants)

Plotting with CIs
Here, we plot the modelled catch comparison curve with CIs and experimental obsevations, obtained by
aggregating the hauls per TIME.
sumdat1 = ddply(dat_D, ~LENGTH+sl, summarize,

prop = sum(TEST1)/sum(total),

ratio = sum(TEST1)/sum(TEST2),

total = sum(total),

TIME = "D")

sumdat2 = ddply(dat_N, ~LENGTH+sl, summarize,

prop = sum(TEST1)/sum(total),

ratio = sum(TEST1)/sum(TEST2),

total = sum(total),

TIME = "N")

sumdat = rbind(sumdat1, sumdat2)

ggplot(sumdat, aes(LENGTH, prop))+geom_point(aes(size = total, col = TIME), alpha = 0.5)+
geom_line(data = newdata, aes(col = TIME))+
geom_ribbon(data = newdata, aes(ymin = lo, ymax = hi, fill = TIME), alpha = 0.2)+
ylab("Catch comparison rate") + xlab("Length (cm)")
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In accordance to Melli et al. (2018) a significant di�erence in catch comparison rate between day-time and
night-time is found for individuals between 16 and 18 cm, as represented by the lack of overlapping between
the CIs.

Melli et al. (2018) argued that, being the di�erence in a length range that is not usually retained when
using a commercial codend, and that commercial fishing operations take place in both day- and night-time
conditions, it is of greater interest to estimate the e�ect of FLEXSELECT with respect to the baseline trawl
without the factor TIME.

Therefore, we repeat the steps of the process leaving out the factor TIME.
m4 = selfisher(prop~sl+I(sl^2)+I(sl^3)+I(sl^4), total = total, comphaddock, haul = HAUL)

m5 = selfisher(prop~bs(sl, df = 4), total = total, comphaddock, haul = HAUL)

AICtab(m4, m5)

## dAIC df

## m4 0.0 5

## m5 5.1 5

Again, we select the polynomial of order 4 and use it to predict the catch comparison rates with CIs, which
are then plotted against the overall experimental observations.

Windows code

ncpus = 4

cl = makeCluster(rep("localhost", ncpus))

clusterExport(cl, "newdata")

bs = bootSel(m4, nsim = 1000, parallel = "snow", cl = cl,
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FUN = function(mod){predict(mod, newdata = newdata, type = "response")})

stopCluster(cl)

Mac and Linux code

bs = bootSel(m4, nsim = 1000, parallel = "multicore", ncpus = 4,

FUN = function(mod){predict(mod, newdata = newdata, type = "response")})

quants = apply(bs$t, 2, quantile, c(0.025, 0.5, 0.975))

newdata[,c("lo", "mid", "hi")] = t(quants)

sumdat = ddply(comphaddock, ~LENGTH+sl, summarize,

prop = sum(TEST1)/sum(total),

ratio = sum(TEST1)/sum(TEST2),

total = sum(total))

ggplot(sumdat, aes(LENGTH, prop))+geom_point(aes(size = total), alpha = 0.5)+
geom_line(data = newdata)+
geom_ribbon(data = newdata, aes(ymin = lo, ymax = hi), alpha = 0.2)+
ylab("Catch comparison rate") + xlab("Length (cm)")
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A graphical comparison to the published results in Melli et al. (2018; in red) shows that the estimated catch
comparison curves and relative CIs are very similar.
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Catch ratio
To directly quantify the di�erence in catch between the test and baseline trawls, it is common practice to
estimate the catch ratio curve, using the relationship between catch comparison rate (cc) and catch ratio (cr):
cr=cc/(1-cc)

First, we obtain predictions for the catch ratio specifying type="ratio" in the predict function.
newdata$ratio = predict(m4, newdata = newdata, type = "ratio")

Second, we apply the relationship between cc and cr to obtain the CIs for the catch ratio curve.
bs$cr = bs$t/(1-bs$t)

CRquants = apply(bs$cr, 2, quantile, c(0.025, 0.5, 0.975))

newdata[,c("cr_lo", "cr_mid", "cr_hi")] = t(CRquants)

Catch ratio plot

ggplot(sumdat, aes(LENGTH, ratio))+
geom_line(data = newdata, aes(y = ratio))+
geom_hline(aes(yintercept = 1), size = 0.2, linetype = "dashed")+
geom_ribbon(data = newdata, aes(ymin = cr_lo, ymax = cr_hi), alpha = 0.2)+
ylab("Catch ratio")+ xlab("Length (cm)") +
coord_cartesian(ylim = c(0, 3))
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The results show that for individuals above 16 and up to 53 cm, the test gear with FLEXSELECT retained
significantly fewer individuals. The e�ect is length-dependent, with a more pronounced reduction at larger
length classes. Considering a minimum conservation reference size of 27cm for haddock in the fishing area
(Skagerrak and Kattegat), the reduction of commercial-sized individuals is above 60%.
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